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ABSTRACT
V e r t ic a l  upward c o c u rre n t a i r - l i q u i d  flow  was in v e s t ig a te d  w ith  
a  t e s t  s e c t io n  o f  one in c h  schedu le  +^0 p ip e . P re s su re  drop was m easured 
w ith  a  m ercury manometer connected  to  two p re s s u re  ta p s  20 f t  a p a r t  in  
th e  s e c t io n .  The l iq u id  under t e s t  was used  a s  th e  s e a l  f l u i d  on th e  
m ercury. Two so le n o id  v a lv e s  su p p lie d  a i r  to  two qu ick  s h u t- o f f  v a lv es  
o u ts id e  th e  p re s s u re  ta p s .  L iq u id  d ra in e d  from th e  s e c tio n  Between th e  
v a lv e s  p ro v id ed  th e  holdup d a ta .  S ix  l iq u id s  were u sed  in  th e - in v e s t ig a ­
t i o n  to  d e term ine  th e  e f f e c t  o f  l iq u id  d e n s i ty ,  v i s c o s i t y  and su rfa c e  
te n s io n .
The ex p e rim e n ta l holdup and p re s s u re  drop d a ta  cou ld  n o t he 
c o r r e la te d  w ith  th e  L o c k h a r t-M a r tin e lli  c o r r e la t io n  f o r  h o r iz o n ta l  flow . 
Mass v e lo c i ty  was shown to  he  an im p o rtan t v a r ia b le  t h a t  i s  n o t co n s id e re d  
in  t h e i r  c o r r e l a t i o n .
A c o r r e l a t i o n  f o r  holdup was developed  to  in c lu d e  p h y s ic a l  
p r o p e r t i e s  o f  th e  f l u i d s ,  t o t a l  mass v e lo c i ty  and mass flow s e n te r in g  th e  
p ip e . L iq u id  volume f r a c t io n  in  th e  p ip e  was c o r r e la te d  w ith  a  fu n c tio n  
x.
0.19  0.205 0.70 2.75
B i  P L  cr P Q  P G
1 qO. 435 p i °-72
¥  = mass r a t e  e n te r in g  p ip e ,  lh / s e c .
G = t o t a l  mass v e lo c i ty ,  l h / s q  f t  sec . When G exceeds 50,
a  v a lu e  o f  50 i s  u sed  
p = v i s c o s i t y ,  c e n t ip o is e s
p = d e n s i ty ,  lh /c u  f t
v i
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cr = su rfa c e  te n s io n ,  dynes/cm  
sub L = l i q u id  
sub G = gas
The c o r r e l a t io n  i s  in  c lo se  agreem ent w ith  th e  ex p erim en ta l and l i t e r a t u r e  
d a ta .  The r e s u l t s  in d ic a te  t h a t  holdup i s  independen t o f  p ip e  d iam eter 
i n  th e  range o f  0 .^  to  2.3*4- in c h e s .
A p re s s u re  drop c o r r e la t io n  was developed in  which th e  tw o-phase 
p re s s u re  drop i s  a fu n c tio n  o f  th e  d if f e re n c e  i n  v e lo c i ty  betw een th e  two 
ph ases  in  th e  p ip e  w ith  p a ram ete rs  o f
* = G°*70 PL0 "147 a0 ’194 
G = t o t a l  mass v e lo c i ty ,  l b / s q  f t  sec .
M-L = l iq u id  v i s c o s i ty ,  c e n t ip o is e s  
cr = su rfa c e  te n s io n ,  dynes/cm  
C o r re la t io n  w ith  l i t e r a t u r e  d a ta  fo r  0 .5  and 2 in ch  p ip e  in d ic a te s  th a t  
\|/ i s  in v e r s e ly  p ro p o r t io n a l  to  th e  square  ro o t  o f  th e  p ip e  d iam ete r. An 
av erag e  p e rce n tag e  e r r o r  o f  l e s s  th a n  15$ was o b ta in e d  w ith  th e  c o r r e l a ­
t i o n  betw een th e  observed  d a ta  fo r  t o t a l  p re s s u re  drop and th e  c a lc u la te d  
p re s s u re  drop d a ta .
v i i
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INTRODUCTION
The p r in c ip le  o f  a i r - w a te r  tw o-phase flow  was a p p lie d  as e a r ly  
a s  1797 to  an a i r  l i f t  pump in v e n te d  h y  a  German, C a r l L oscher. Two-phase 
flow  was ag a in  a p p lie d  i n  1927 in  th e  Sem inole, Oklahoma, o i l  f i e l d s  to  
p roduce o i l  by  gas l i f t .  Two-phase flow  i s  o f  c o n tin u in g  i n t e r e s t  i n  a i r  
l i f t  pumps, g a s - o i l  t ra n s m is s io n  in  p ip e  l i n e s ,  and i n  chem ica l p ro c e ss  
equipm ent. The o p e ra t io n  o f  therm osiphon  r e b o i l e r s  depends upon tw o-phase 
flow . Lack o f  a  good c o r r e la t io n  fo r  tw o-phase flow  has l im i te d  d es ig n  
o f  r e b o i l e r s  o f  t h i s  ty p e  to  a  " r u le  o f  thumb" b a s i s .
A la rg e  amount o f  d a ta  and many p ap e rs  have been  p u b lish e d  on 
h o r iz o n ta l  and v e r t i c a l  c o c u rre n t tw o-phase flow . C o r re la t io n s  have been  
p u b lish e d  th a t  can be used  w ith  re a so n a b le  agreem ent f o r  h o r iz o n ta l  flow  
b u t th e re  i s  no s a t i s f a c to r y  method f o r  v e r t i c a l  flo w . Almost a l l  v e r t i ­
c a l  flow  d a ta  have been  o b ta in e d  w ith  th e  a i r -w a te r  system . The purpose 
o f  t h i s  s tu d y  i s  to  o b ta in  and c o r r e l a te  d a ta  on tw o-phase system s in  
v e r t i c a l  flow  w ith  em phasis on th e  s tu d y  o f  l iq u id s  w ith  d i f f e r e n t  p h y s i­
c a l  p r o p e r t i e s .
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CHAPTER I  
Review o f  Theory
V e r t ic a l  c o c u rre n t upward is o th e rm a l flow  o f  a gas and l i q u id  in  
a  p ip e  ex tend  from th e  c o n d it io n  o f  t o t a l  l i q u id  th ro u g h  th e  e n t i r e  range  
o f  l iq u id - g a s  m ix tu re s  to  th e  c o n d i t io n  o f  t o t a l  g a s . I f  l iq u id  and gas 
t r a v e le d  a t  th e  same v e lo c i ty  in  a  p ip e , tw o-phase  flow  a n a ly s is  would be 
s im p le . The volume o f  gas i n  th e  p ip e  would be  th e  same as  th e  gas volume 
fe d  and th e  same w ith  th e  l i q u id .  T h is  i s  n o t th e  s i t u a t io n .  The gas 
p h a se , becau se  o f  i t s  low er d e n s i ty ,  t r a v e l s  a t  a  h ig h e r  v e lo c i ty  th a n  th e  
l i q u id  p h ase . Thus a  d i f f e r e n c e  i n  v e lo c i ty  o r  s l i p  v e lo c i ty  e x i s t s  b e ­
tw een th e  two p h a se s . The d i f f e r e n c e  i n  v e lo c i ty  r e s u l t s  in  an en e rg y  lo s s  
in  a d d i t io n  to  th e  f r i c t i o n  lo s s  a t  th e  w a ll  o f  th e  p ip e .  Thus th e  f r i c t i o n  
lo s s  fo r  tw o-phase flow  i s  u s u a l ly  g r e a te r  th a n  th e  f r i c t i o n  lo s s  f o r  e i th e r  
f l u i d  flow ing  a lo n e .
Two-Phase Flow Regimes
Cromer7 i n  1936 v i s u a l ly  ob serv ed  th e  flow  o f  m ix tu re s  o f  a i r  
and w a te r  i n  a  v e r t i c a l  p ip e .  He r e p o r te d  fo u r  ty p e s  o r  reg im es o f  flow .
1 . B ubble flow  e x i s t s  when gas b u b b le s  r i s e  th ro u g h  a  c o n t in u ­
ous l i q u id  p h ase . T h is  o c c u rs  a t  ex tre m e ly  low gas r a t e s .
2 . M ist flow  o ccu rs  a t  ex tre m e ly  low l i q u i d  r a t e s  when d r o p le t s  
o f  l i q u id  a re  suspended i n  a  co n tin u o u s  gas p h ase .
3 . S lug  flow  o c c u rs  when p is to n s  o f  gas a re  in te r s p e r s e d  w ith  
s lu g s  o f  l i q u id .  N e ith e r  phase  i s  co n tin u o u s  and a p u l s a t ­
in g  flow  e x i s t s .
2
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A nnular flow  o ccu rs  a t  h ig h  mass v e l o c i t i e s  and low to  moder­
a te  l i q u id  r a t e s .  T here i s  an an n u la r  flow  o f  l iq u id  along 
th e  p ip e  w a ll  w ith  a co re  o f  gas r e l a t i v e l y  f r e e  o f  l i q u id .
Both ph ases  a re  co n tin u o u s .
The t r a n s i t i o n  betw een flow  regim es i s  i n d i s t i n c t  and i t  i s  sometimes d i f f i ­
c u l t  to  determ ine  th e  regim e f o r  a g iv en  c o n d itio n .
A m ath em atica l a n a ly s is  o f  a n n u la r  flow  was a ttem p ted  by  C a lv e r t .5 
T h e o re t ic a l  and m a them atica l a n a ly s is  o f  th e  e n t i r e  ran g e  o f  tw o-phase flow  
i s  d i f f i c u l t  i f  n o t im p o ss ib le  because  o f  th e  i n d e f i n i t e  flow  reg im es and 
because  o f  th e  u n s tead y  s t a t e  c o n d i t io n .o f  s lu g  flow . Thus a s e m i- th e o re t ic a l  
and e m p ir ic a l c o r r e l a t io n  i s  th e  g e n e ra l approach .
H o riz o n ta l Flow C o r re la t io n s
L o c k h a r t-M a r t in e l l i .
The work o f  M a r t in e l l i17 and co-w orkers p ro v id e s  one o f  th e  b e s t  
c o r r e la t io n s  p roposed  f o r  h o r iz o n ta l  flow . T h e ir  b a s ic  p o s tu la te s  were 
s ta te d  in  19^  as fo llo w s:
1. The p re s s u re  drop f o r  th e  l i q u id  phase and th e  p re s s u re  drop 
fo r  th e  gas phase must be eq u a l r e g a rd le s s  o f  th e  ty p e s  o f  
flow  as long  as a p p re c ia b le  p re s s u re  d i f f e r e n c e s  do n o t e x i s t  
a long  any p ip e  d ia m e te r .
2 . The volume occup ied  by th e  l iq u id  and th e  volume occup ied  by
th e  gas a t  any in s t a n t  must eq u a l th e  t o t a l  volume o f  th e
p ip e .
L ockhart and M a r t in e l l i15 in  19^9 p re se n te d  a  c o r r e l a t i o n  th a t  
en ab led  th e  p r e d ic t io n  o f  p re s s u re  d rops f o r  h o r iz o n ta l  flow  to  w ith in  p lu s  
o r  minus abou t t h i r t y  p e rc e n t.  The c o r r e l a t i o n  f o r  tu r b u le n t  flow  i n  b o th  
l i q u id  and gas phases i s  o f  g r e a te s t  i n t e r e s t .  They c o r r e la te d  h o ldup , Rp, 
and p re s s u re  drop  by  means o f  a  p a ram ete r X.
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'G
Wp = w eight r a t e  o f  l i q u id  flow , l l / s e c
WG = w eight r a t e  o f  gas flow , lb /s e c
Pq = gas d e n s i ty ,  lb /c u  f t  
PL = l iq u id  d e n s i ty ,  lb /c u  f t
M-L = l iq u id  v i s c o s i ty ,  lb / s e c  f t
|!q = gas v i s c o s i ty ,  lb / s e c  f t
~ | = p re s s u re  drop p e r  u n i t  le n g th  i f  l i q u id  phase flow s a lone 
A P I_  = p re s s u re  drop  p e r  u n i t  le n g th  i f  gas phase flow s a lone  
AL|g
Holdup was p lo t te d  v e rsu s  X. P re s su re  drop was c o n ta in e d  in  a  fu n c tio n  <J> 






AP I2grj = p re s su re  drop  p e r  u n i t  le n g th  f o r  two phase flow
The d a ta  in c lu d ed  in  th e  s tu d y  by L ockhart and M a r t in e l l i  a re  
fo r  h o r iz o n ta l  flow  in  p ip e s  from 0 .62  in c h  to  1 in c h  in  d iam ete r and fo r  
p re s s u re s  from 0 to  50 p s ig .  A l im ite d  number o f  v e r t i c a l  runs were made 
in  0 .0 8 l6  in c h  and 0.0586 in c h  tu b e s .  The tu b e  d ia m e te rs  a re  so sm all f o r  
v e r t i c a l  flow  and th e  d a ta  a re  so l im i te d  t h a t  th e  c o r r e la t io n  i s  c o n s id e re d  
o n ly  f o r  h o r iz o n ta l  flow .
Jen k in s  o b ta in e d  tw o-phase p re s s u re  drop d a ta  from th e  flow  
o f  a i r  and w a te r  a t  c o n s ta n t l i q u id  r a t e s .  In  a tte m p tin g  to  c o r r e l a te  th e  
d a ta  u s in g  L ockhart and M a r t in e l l i  p a ra m e te rs , he found t h a t  a  p lo t  o f  X
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v e rsu s  $ showed d i s t i n c t  l i n e s  f o r  each l iq u id  r a t e  c ro s s in g  th e  curve o f  
L ockhart and M a r t in e l l i .  T h is  in d ic a te d  th a t  th e  mass v e lo c i ty  i s  an im­
p o r ta n t  v a r ia b le  and i s  n o t in c lu d e d  in  th e  L o c k h a r t-M a r tin e ll i  c o r r e la t io n .  
C henow eth-M artin.
Chenoweth and M artin6 in  1955 p u b lish e d  a  c o r r e la t io n  fo r  h o r i -
APrpp
z o n ta l  tu r b u le n t  flow . They p lo t te d  th e  r a t i o  o f  ^ p - * v e rsu s  y-  ^ w ith  p a ra ­
m ete rs  o f
£ P L* f j p Q
APpp = two phase p re s s u re  drop
APp* = p re s s u re  drop f o r  th e  l iq u id  flo w in g  a t  a mass v e l o c i ty
eq u a l to  t h a t  o f  th e  l iq u id  p lu s  th e  gas
APq* = p re s s u re  drop fo r  th e  gas flow ing  a t  a  mass -v e lo c ity  eq u a l
to- t h a t  o f  th e  l iq u id  p lu s  gas 
yp = l i q u id  volum e:f r a c t io n  e n te r in g  th e  p ip e
Pp = l iq u id  d e n s i ty
Pq = gas d e n s i ty
fg  = f r i c t i o n  f a c to r  fo r  gas b ased  on mass v e lo c i ty  o f  gas and
l i q u id   ^ '
*
f^  = f r i c t i o n  f a c t o r  f o r  l i q u id  b ased  on mass v e lo c i ty  o f  l iq u id  
and gas
E x p erim en ta l dat.a were o b ta in e d  in  1 -1 /2  in c h  and 5 in c h  p ip e s  a t  p re s s u re s  
up to  100 p s ia .  The c o r r e l a t io n  showed agreem ent w ith in  20$ f o r  th e s e  d a ta  
and th e  d a ta  covered  b y  L o c k h a rt.and M a r t i n e l l i .
onReid and co-w orkers o b ta in ed  h o r iz o n ta l  flow  d a ta  w ith  th e  a i r -  
w a te r  system  in  ^ in c h  and 6 in c h  p ip e s .  The ^ in c h  d a ta  a re  w e ll  r e p r e ­
se n te d  b y  th e  L o c k h a r t-M a r tin e lli  c o r r e l a t io n  b u t  th e  6 in c h  d a ta  f e l l  about 
$ low. The d a ta  showed e x c e l le n t  agreem ent w ith  th e  Chenow eth-M artin
c o r r e l a t i o n  and showed no n o t ic e a b le  e f f e c t s  o f  p ip e  d iam ete rf
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6V e rtic a l Flow Data and C orre la tions
Schurig21 in  193^ published  d a ta  on a ir-w a te r  in  a ^7 ™  diam eter 
tube as p a r t  o f a study of two-phase flow in  steam b o ile r s .
M a r t in e l l i 's  success in  1 9 ^  in  developing a c o rre la tio n  fo r p re ­
d ic tin g  p ressu re  drop fo r  two-phase flow in  h o riz o n ta l tubes encouraged 
in te r e s t  in  the  ap p lic a tio n  o f th i s  c o rre la tio n  to  v e r t i c a l  flow.
Kegel14 obtained d a ta  w ith  a i r  and w ater in  a copper tube one inch 
in  diam eter and 11 fe e t  long. The f lu id s  were m aintained in  th e  tu rb u len t 
reg ion  and the  d a ta  were found to  agree reasonably  w e ll w ith  the  M a rtin e lli 
c o rre la tio n .
Dukler8 and McElwee16 obtained v e r t i c a l  flow d a ta  which showed 
th a t  the  M a rtin e lli c o rre la tio n  was s a t is f a c to ry  a t high gas ra te s  bu t u se­
le s s  a t  low a ir-w a te r  r a t io s .  This observation  was s im ila r  to  th a t  o f Jenkins 
fo r  h o riz o n ta l flow in  th a t  a tren d  occurs w ith mass v e lo c ity  which i s  not 
considered in  the c o rre la tio n .
Yagi24 and co-workers c o rre la te d  th e  l iq u id  volume f ra c tio n , 
and the  gas volume f ra c tio n , Rq, to  th e  r a t io  o f the apparent v e lo c it ie s  
o f the  l iq u id  and gas. An e x ce lle n t c o rre la tio n  i s  ob tained  over th e  
lim ite d  range o f two-phase flow in v e s tig a te d . The da ta  were obtained on 
a ir-w a te r  and a i r - o i l  systems in  a 10.25 mm diam eter g la ss  tube . Later 
d a ta 25 w ith  tube diam eters o f 8, 12,5 and 17-5 mm agreed w ith  th e  o r ig in a l 
equation . P ressure drop da ta  were a lso  obtained and i t  was found th a t  th e  
p ressu re  drop from the  bottom to  the  top  o f the  tube was l in e a r  w ith leng th .
Galegar^0 S to v a ll and Huntington presen ted  a c o rre la tio n  fo r  the  
p ressu re  drop in  v e r t i c a l  flow based on a p lo t o f a  dim ensionless flow 
r a t io  versus a f r i c t io n  fa c to r .
flow r a t io  = —  —
°G ^G
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= mass r a t e  o f  gas flow  r e f e r r e d  to  l i q u id  o r  g a s , l b / s q  f t  
sec
= v i s c o s i t y .  I b / f t  h r
5600 AP D°’ 5 gc pG Gl 2
2 L Gq2  \ d i
= f r i c t i o n  f a c to r  f
= t o t a l  d i f f e r e n t i a l  p re s s u re  a c ro s s  th e  t e s t  s e c t io n  
= i n t e r n a l  d iam ete r o f  p ip e , f t  
= 52 .17 ( lb  f o r c e ) ( f t ) / ( l b  m a ss )(se c 2 )
= le n g th  o f  t e s t  s e c t io n ,  f t  
The c o r r e l a t i o n  i s  based  on d a ta  from  t e s t  s e c tio n s  o f  smooth p ip e  O .I667 
f t  d iam ete r by  72 .25  f t  long  and 0 . 01-325 f t  d iam ete r by  i 9 .ll-  f t  long . 
Holdup and p re s s u re  drop d a ta  f o r  th e  a i r - w a te r  system  a re  re p o r te d  by 
G a leg a r9 and p re s s u re  drop d a ta  f o r  a ir -k e ro s e n e  a re  re p o r te d  by  S to v a l l23. 
The c o r r e l a t i o n  r e p re s e n ts  th e  d a ta  to  w ith in  p lu s  o r  minus 23 p e rc e n t .
Schwarz22 p re s e n te d  ho ldup d a ta  f o r  th e  s team -w ater system  a t  
p re s s u re s  from  20 to  80 a tm ospheres. The d a ta  were o b ta in e d  w ith  a  tu b e  
59’5 ran d ia m e te r  and 1 .035 m e te rs  lo n g .
R adfo rd19 o b ta in e d  holdup and p re s s u re  drop d a ta  on th e  a i r - w a te r  
system  w ith  a smooth tu b e  I . 0I 9 in c h  d iam ete r and 22 .88  f e e t  lo n g . D ata 
a re  r e p o r te d  f o r  seven s e r ie s  o f  ru n s  a t  c o n s ta n t w a te r  r a t e s .  G o v ie r ,11 
Radford and Dunn r e p o r t  holdup and p re s s u re  drop d a ta  f o r  a i r -w a te r  w ith  a 
smooth tu b e  1 .025 in c h  d ia m e te r  and 22 .88  f e e t  lo n g . These d a ta  a re  a ls o  
o b ta in e d  as  a  s e r ie s  o f  ru n s  a t  v a r io u s  c o n s ta n t w a te r  r a t e s .
I s b i n , 12 Sher and Eddy s tu d ie d  th e  s team -w ater system  in  a  0 .872 
in c h  tu b e  a t  e s s e n t i a l l y  a tm ospheric  p re s s u re .  Holdup d a ta  a re  r e p o r te d . 
Fundam ental V e r t ic a l  Two-Phase Flow Concepts
The concep t o f  v e r t i c a l  tw o-phase flow  a n a ly s is  i s  b ased  on 
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8eq u a l and th a t  th e  volume o f  l iq u id  p lu s  th e  volume o f  gas eq u a ls  th e  
t o t a l  volume o f  th e  p ip e . As shown by F ig u re  1 , a known mass p e r  u n i t
tim e o f  l i q u id ,  Wp, and g as , Wq, e n te r  th e  b a se  o f  a p ip e  s e c tio n  a t  a
p re s s u re  p x . The volumes p e r  u n i t  tim e a t  th e  i n l e t  c o n d itio n s  a re  c a lc u ­
la t e d .  Let
Wt  V t
yT = l i q u id  volume f r a c t io n  = ---------- -------
W p V p  +  Wq V q
vp = s p e c i f ic  volume o f  l i q u id ,  cu f t / l b
Vq = s p e c i f i c  volume o f g a s , cu f t / l b
yq = gas volume f r a c t io n ,  1-yp
In s id e  th e  s e c tio n  th e  gas t r a v e l s  a t  a  h ig h e r  v e lo c i ty  th a n  th e  
l i q u id .  As a  r e s u l t  th e  gas volume f r a c t io n  in  th e  p ip e , Rq , i s  l e s s  th a n  
yG and th e  l iq u id  volume f r a c t io n  in  th e  p ip e , Rp = 1-Rq, i s  g r e a te r  th a n  
yp. P re s su re , p L) i s  g r e a te r  a t  th e  b ase  o f  th e  p ip e  th a n  th e  p re s s u re ,  
p2 , a t  th e  to p  because  o f  head and f r i c t i o n  d rop . Assuming iso th e rm a l flow , 
th e  gas volume co rresp o n d in g  to  i s  g r e a te r  a t  th e  to p  th a n  a t  th e  b a se . 
S ince  th e  l i q u id  d e n s i ty  i s  c o n s ta n t ,  th e  gas volume f r a c t io n ,  - Rq, must 
b e  g r e a te r  a t  p 2 th a n  a t  p x . A ll  ex p erim en ta l d a ta  in d ic a te  t h a t  Rq i n ­
c re a s e s  w ith  d e c re a s in g  j q  f o r  a c o n s ta n t t o t a l  mass v e lo c i ty .  The gas 
f r a c t io n ,  Rq , w i l l  th e n  be g r e a te r  a t  p2 th a n  a t  p x . T h is means t h a t  th e  
f r a c t i o n  o f  th e  tu b e  c ro s s  s e c t io n  a re a  fo r  gas flow  in c re a s e s  upward 
th ro u g h  th e  p ip e .
The d a ta  o f  P e t r ic k 18 in d ic a te  an in c re a s e  in  gas volume f r a c t io n  
upward th ro u g h  th e  p ip e .  P e t r ic k  s tu d ie d  th e  e f f e c t  o f  sudden flow  a re a  
changes on d e n s i ty .  A r a d io a c t iv e  te ch n iq u e  was used  to  determ ine  lo c a l  
d e n s i ty .  P lo ts  o f  th e  d a ta  in d ic a te  a  g ra d u a l in c re a s e  in  gas volume f r a c ­
t i o n  a f t e r  re c o v e ry  from  th e  e f f e c t  o f  sudden flow  change.
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Energy Balance fo r  Two-Phase V e rtic a l Flow
A mechanical energy balance fo r  the  sec tio n  shown by Figure 1 
i s  made w ith th e  assumption th a t steady s ta te  e x is ts .  Then Wp pounds of 
liq u id  and Wq pounds of gas en te r a t  1 and leave a t 2 in  a given time in ­
te rv a l .  The mechanical energy balance form o f th e  B ernou lli thereom4 is  
w ritte n  as
2 p2 2
s_  Zl + | i _  + w0 -  J r tp  .  F = m  Z2 + | | _  ---------------------  (3)
Z = e lev a tio n , f t
V = average l in e a r  v e lo c ity  o f  f lu id  flow, f t / s e c  
g = lo c a l  a cc e le ra tio n  o f  g ra v ity , f t / s e c 2 
gc = 52.17 (lb  f o r c e ) ( f t ) / ( lb  m ass)(sec2 ) 
p = abso lu te  p ressu re  a t  e lev a tio n  Z, lb  fo rc e /sq  f t
W0 = e x te rn a l work, f t - l b  fo rc e /lb  mass
v = sp e c if ic  volume o f system f lu id  cu f t / l b  mass 
F = energy lo ss  to  f r ic t io n ,  f t - l b  fo rc e /lb  mass 
This equation ap p lie s  to  s in g le  phase flow; fo r  liq u id -g a s  flow the  equa­
t i o n  can be app lied  sep a ra te ly  to  each phase. Assume Wp pounds o f  liq u id
and Wq. pounds o f gas en te r per u n it  time and W0 = 0 .
For the l iq u id  phase,
V t  2  P 2  V t  2
WL §~ z i  + WL o r 1-WL /v Ldp - WLFL = Wp § -  Z2 + Wp ^ -(4a )
Sc ^Sc P l Sc ^gc
For the  gas phase,
v G l 2  g  „  . v g 2 2
WG f -  Zl + WG p-r1   WG /vGdp - WGFG = WG § -  Z2 + WGgc -  2gc -  gc ^  2gc
Since vp can be assumed constan t and vq co n tin u a lly  in c re ases  almost l in e a r ly  
Pa
as p decreases, -/vpdp reduces to  -vp(p2-p1) and -vGam(P2-P i) i s  a  good 
Pi
approxim ation o f -jvQdp. Where 
P i
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vGam = a rith m etic  mean of vGl and vq2 , cu f t / l b  mass 
S u b s titu tin g  and adding the  equations fo r l iq u id  (4a) and gas 
(4b) th e  follow ing equation i s  obtained .
(WL + W8 ) s .  (Z2-Z l) * +
Sc 2gc 2gc
+ WlFl + WGFG - (WXjVl + •W GVGa m ) ( p 1 - p 2 )  = 0   (5)
Assuming th a t  | _  = 1 and d iv id ing  equation (5) through by 
(WLvL + WGvGam) ,
(WL + Wq)(Z2-Z1) + WL(VLg2-VL3a ) + Wfl( VgZ-VG, 2)
(Wlvl + WGVGam) 2gc(W-v: + WGvGajn)
WUL + WG?G ,  ,  , ,
+ (Wlvl + WGvGam) '  p^i -P2  ^ “ '    - '  (
Then defin ing
APTP = + wgFg vhere
(WLvL + WGvGam)
APipp = two phase p ressu re  drop, lb  fo rc e /sq  f t
th e  follow ing genera l equation i s  ob tained  fo r liq u id -g as  two-phase flow:
(wL + wG) ( z a- z 1 ) + wlCvlZ - vlt2 ) + wG(vGga-vGl2 )
(WlTL + wGVGam) 2gc (Wpvp + WGvGam)
+ APTP - (Px-Pa) = 0   (7)
Equation ( j )  as derived in  th i s  Chapter w i l l  be applied  l a t e r  to  
c o r re la te  th e  new d a ta  repo rted  h ere in  fo r v e r t i c a l  liq u id -g as  two-phase 
flow.
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CHAPTER II
Equipm ent, Method o f  O pera tion  and M a te r ia ls
Holdup and p re s s u re  drop d a ta  f o r  c o c u rre n t v e r t i c a l  a i r - l i q u i d  
flow  were o b ta in e d  f o r  a 20 fo o t s e c tio n  o f  one in c h  schedu le  ^0 s t e e l  
p ip e .  Flow r a te s  s tu d ie d  ranged from 0 .01  to  ^0 SCFM o f  a i r  and from 0.05 
to  7 gpra o f l i q u id .
Equipment
The equipm ent i s  shown by F ig u re  2.
A ir was drawn from  th e  r e c e iv e r  o f  an a i r  com pressor w hich o p e r­
a te d  to  d e l iv e r  a i r  betw een th e  l i m i t s  o f  70 and 95 p s ig .  A ir from th e  
r e c e iv e r  passed  th ro u g h  a  Commercial F i l t e r s  C o rp o ra tio n  F u lf lo  F i l t e r  to  
remove e n tra in e d  o i l  and w a te r . The a i r  was th e n  re g u la te d  byr a  p re s s u re  
re d u c e r  to  su p p ly  50 p s ig  a i r  to  th e  ro ta m e te rs . The most a p p ro p r ia te  o f  
th r e e  ro ta m e te rs , connected  in  p a r a l l e l ,  was used  to  g iv e  maximum accu racy  
o f  measurement in  th e  range o f  a i r  flow  d e s ir e d  fo r  a  s p e c if ic  t e s t .  A 
v a lv e  downstream from each m eter was used  fo r  c o n t ro l .  The m etered  a i r  
th e n  e n te re d  th e  b a se  o f  th e  t e s t  s e c t io n  as shown b y  F ig u re  2 .
L iq u id  was drawn from  a  55 g a l lo n  drum by  a  r o ta r y  pump and d i s ­
ch arg ed  th ro u g h  e i t h e r  o f  two p a r a l l e l  ro ta m e te rs . A b y -p a ss  from  th e  
pump d isc h a rg e  to  th e  s u c tio n  was used  to  c i r c u la t e  th e  l iq u id  d isc h a rg e d  
b y  th e  p o s i t iv e  d isp lacem en t pump b u t w hich was n o t fe d  to  th e  t e s t  s e c t io n .  
Flow th ro u g h  each  ro ta m e te r  was c o n t ro l le d  by  a  v a lv e  downstream from  th e  
m e te r . The m etered  l i q u id  th e n  e n te re d  th e  b ase  o f  th e  t e s t  s e c t io n .
12
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FIGURE 2
Diagram o f  E xperim ental Equipment
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The v e r t i c a l  t e s t  s e c t io n  i t s e l f  was a  2 ^ .2  fo o t long  run  o f  
one in c h  schedu le  to  s t e e l  p ip e  w ith  p re s s u re  ta p s  20 f e e t  a p a r t .  The 
bo ttom  p re s s u re  ta p  was 28 in c h es  above th e  a i r - l i q u i d  m ixing n o z z le .
Surge p o ts  3 in c h es  in  d ia m e te r by  6 in c h e s  long  were i n s t a l l e d  w ith  th e  
ta p  from th e  t e s t  s e c t io n  e n te r in g  th e  s id e  o f  th e  p o t .  The o u t l e t  from 
th e  bo ttom  o f  each p o t was connected  w ith  copper tu b in g  to  a  30 in c h  d i f ­
f e r e n t i a l  manometer w hich u sed  m ercury as th e  m e te rin g  e lem en t. The p o r ­
t i o n  o f  th e  p o ts  below  th e  ta p s  and th e  copper tu b in g  w ere f i l l e d  w ith  th e  
t e s t  l iq u id  as  a  s e a l  f l u i d  in  th e  m ercury. The d ia m e te r  o f  th e  su rge  p o ts  
was s e le c te d  so t h a t  th e  c ro s s  s e c t io n a l  a re a  o f  th e  p o ts  was abou t 200 
tim es  th e  c ro s s  s e c t io n a l  a re a  o f  th e  manometer. A change in  manometer 
le v e l  th u s  r e f l e c t e d  a n e g l ig ib le  change in  le v e l  in  th e  su rge p o t .
One qu ick  s h u t - o f f  v a lv e  was i n s t a l l e d  below  th e  bo ttom  p re s s u re  
ta p  and a second above th e  to p  p re s s u re  ta p .  Both v a lv e s  w ere one in ch  
V a lv a ir  C o rp o ra tio n  two-way v a lv e s , no rm ally  open. Each v a lv e  was o p e ra ­
te d  by  a  th r e e  way so le n o id  a i r - v a lv e .  A ir  a t  50 p s ig  was su p p lie d  to  th e  
so le n o id  v a lv e s .  B oth  s o le n o id s  w ere o p e ra ted  from a  s in g le  e l e c t r i c a l  
co n n ec tio n . When t h i s  was c losed^  a i r  was su p p lie d  to  th e  a i r  o p e ra te d  
v a lv e s  and caused  immediate,, s im u ltaneous and t i g h t  sh u t o f f .  The a i r  
o p e ra te d  v a lv e s  were opened by  b re a k in g  th e  e l e c t r i c a l  connection^  th e  
r e s u l t a n t  a c t io n  b lo c k in g  th e  a i r  a t  th e  so le n o id  v a lv e s  and v e n tin g  th e  
a i r  from th e  v a lv e s .  To in s u re  s im u ltaneous and un ifo rm  c l o s u r e t h e  
so le n o id  v a lv e s  w ere i n s t a l l e d  so t h a t  th e  a i r  p ip in g  betw een th e  so le n o id  
v a lv e  and i t s  component a i r  o p e ra te d  v a lv e  was i d e n t i c a l  f o r  b o th .
A p re s s u re  gage was i n s t a l l e d  i n  th e  t e s t  s e c t io n  a t  th e  e le v a ­
t i o n  o f  th e  bo ttom  p re s s u re  ta p .  A d r a in  co n n ec tio n  was p ro v id ed  above 
th e  bottom  v a lv e  and a  v en t was i n s t a l l e d  below  th e  to p  v a lv e . A f te r  th e  
v a lv e s  were closed ,, th e  v e n t v a lv e  was opened and th e  l i q u id  in  th e  s e c t io n  
was d ra in e d  th ro u g h  th e  d r a in  co n n ec tio n .
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Flow from th e  to p  o f  th e  t e s t  s e c t io n  p assed  to  th e  ho ldup drum. 
A ir  s e p a ra te d  from th e  l i q u id  in  th e  drum and was v e n te d  to  th e  atm osphere 
th ro u g h  a co u p lin g  in  th e  to p  o f  th e  drum. L iq u id  was r e c i r c u la t e d  from  
a co n n ec tio n  in  th e  bo ttom  o f  th e  drum.
The a i r  ro ta m e te rs  were c a l ib r a t e d  by  a tim ed  a i r  d isp lacem en t 
o f  w a te r  in  an in v e r te d  t r a n s p a r e n t  c o n ta in e r .  L iq u id  ro ta m e te rs  were 
c a l ib r a t e d  f o r  each  l i q u id  b y  a tim ed  w eighing  o f  th e  l i q u id .  The zero  
p o in t s  f o r  th e  manometer w ere o b ta in e d  f o r  each l i q u id  by  o b ta in in g  a  r e a d ­
in g  w ith  th e  t e s t  s e c t io n  f i l l e d  w ith  l iq u id  a t  zero  flow  and from a re a d ­
in g  w ith  l i q u id  co m p le te ly  d ra in e d  from  th e  s e c t io n .  When th e  d if f e r e n c e  
betw een th e  two re a d in g s , c o r re c te d  f o r  th e  s e a l  l i q u id ,  co rresponded  to  
th e  c a lc u la te d  l i q u id  head in  th e  s e c t io n ,  i t  was assumed t h a t  th e  le a d s  
were u n ifo rm ly  f i l l e d  w ith  th e  s e a l  f l u i d .
Method o f  O p era tio n
The d e s ir e d  l i q u id  flow  fo r  a  run  was m etered  to  th e  t e s t  s e c t io n  
th ro u g h  use o f  th e  l i q u id  ro ta m e te r . A f te r  th e  manometer had reach ed  a 
s te a d y  re a d in g , th e  d e s ir e d  gas flow  was m etered  w ith  th e  gas ro ta m e te r . . 
S tead y  s t a t e  o f  most o f  th e  tw o-phase ru n s was o b ta in e d  in  l e s s  th a n  one 
m inu te . Runs a t  h ig h  l i q u id  r a t e s  and v e ry  low a i r  r a t e s  r e q u ire d  s e v e ra l  
m inu tes to  re a c h  s te a d y  s t a t e  c o n d itio n s  as shown by  th e  manometer. The 
ro ta m e te r  re a d in g s , manometer re a d in g  and p re s s u re  gage re a d in g  were r e ­
co rded  fo r  each  ru n . The v a lv e s  w ere c lo s e d , th e  v e n t was opened and th e  
l i q u id  was d ra in e d  from th e  t e s t  s e c t io n  to  a  two l i t e r  g rad u a ted  c y l in d e r .  
The volume o f  l i q u id  d ra in e d  from th e  t e s t  s e c t io n  was re c o rd e d .
D ata  f o r  th e  ru n s a re  ta b u la te d  in  Appendix A. A ir  flow  i s  r e ­
co rded  as th e  CFM o f  a i r  flo w in g  th ro u g h  th e  t e s t  s e c t io n  a t  a  p re s s u re  
e q u a l to  th e  average o f  th e  p re s s u re s  a t  th e  to p  and bo ttom  ta p s .  L iq u id  
flow  i s  in  cu b ic  f e e t  p e r  m inute flo w in g  th ro u g h  th e  s e c t io n .  P re s su re  as
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ta b u la te d  i s  th e  read in g  o f  th e  p re s s u re  gage a t  th e  bottom  o f  th e  s e c t io n .  
P re s su re  drop i s  th e  a c tu a l  p re s s u re  d i f f e r e n t i a l  betw een th e  two ta p s .
T h is  was de term ined  from th e  manometer re a d in g .
The volume o f  th e  t e s t  s e c t io n  was determ ined  to  be 3570 cc . 
Complete d ra in a g e  o f  w a te r  showed a holdup o f  3550 cc above th e  d r a in  con­
n e c t io n .  C a lc u la te d  holdup betw een th e  bo ttom  v a lv e  and th e  d r a in  con­
n e c t io n  was 20 cc .
Two c o r r e c t io n s  were a p p lie d  to  th e  l iq u id  volume d ra in e d  from 
th e  s e c tio n  to  o b ta in  th e  t o t a l  l i q u id  h o ldup . These w ere:
1 . Twenty cc was added to  accoun t f o r  th e  l iq u id  rem ain ing  inr
th e  s e c tio n  betw een th e  v a lv e  and d ra in  co n n ec tio n .
2 . Volume was added to  accoun t fo r  th e  l i q u id  ad h erin g  to  th e  
w a ll  o f  th e  p ip e  a f t e r  d ra in in g .  T h is measurement was made 
f o r  each l i q u id .  The s e c t io n  was f i l l e d  w ith  th e  l i q u id  
and th e n  d ra in e d . The d i f f e r e n c e  betw een t h i s  volume and 
th e  known volume o f  3550 cc f o r  com plete d ra in a g e  was assumed 
to  b e  th e  amount o f  l i q u id  s t i l l  adhering  to  th e  p ip e  w a ll  
a f t e r  d ra in in g  f o r  each run  w ith  th a t  l i q u id .  These d a ta  
a re  ta b u la te d  in  T able I .
TABLE I
Volume D rained  from T e s t S e c tio n  I n i t i a l l y  P u l l  o f  L iqu id
L iq u id  D rained  L iqu id  A dhering
_________cc______________  to  P ip e  W all
L iqu id T est 1 T e s t 2 cc
W ater 3550 3550 0
Sodium C arbonate S o lu tio n 3520 3525 25
V arso l 3^80 3^80 70
O il  B lend No. 1 3^80 3^80 70
O il  B lend  Mo. 2 3^70 3^70 80
T r ic h lo ro e th y le n e 3550 3550 0
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Air and liq u id  tem peratures during the e n tire  s e r ie s  o f runs 
varied  between 70° and 80°F. A ir fed to  the t e s t  sec tion  was sa tu ra ted  
w ith water a t  the  70 p sig  a i r  rece iv e r p ressu re . V aporization o f liq u id  
in  th e  t e s t  section  was considered to  be n eg lig ib le  fo r a l l  runs. 
M aterials
Runs were made w ith a i r  and s ix  d if fe re n t l iq u id s . The liq u id s  
were se lec ted  to  vary the  physica l p ro p e rtie s  o f d en sity , v is c o s ity  and 
surface ten sio n . Because of the extrem ely tu rb u len t nature o f two-phase 
flow, dynamic ra th e r  than s ta t ic  surface tension  would be expected to  be 
an im portant v a ria b le . Therefore, use of surface ac tiv e  agents was pur­
posely avoided in  th is  in v e s tig a tio n .
Table I I  l i s t s  th e  s ix  liq u id s  te s te d  and gives th e i r  density , 
v is c o s ity  and surface tension .
TABLE I I
P hysical P ro p ertie s  o f  Liquids Used 
in  Two-Phase Flow In v es tig a tio n
Surface
Density V iscosity  Tension
_______M a t e r i a l __________  Lb/cu F t C entipoises Dynes/cm
Water 62 . k a t  25°C 0-90 a t 25°C 72.5 a t  25°C
Sodium Carbonate Solution 7^ a t  25°C 3-15 a t 23=9°C 7 5 '9  a t  25°C
Varsol ^8.5 a t  25-5°C 1.07 a t 25°C 2^.9 a t  25°C
O il Blend Wo. 1 51-5 a t  240c 5-83 a t 2.b.k°C 27 .b a t  25°C
O il Blend No. 2 5^-2 a t  25°C 28.6 a t  25°C 29.9 a t  25°C
T rich lo roethy lene 88.9 a t  2^ -°C 0.55 a t  25°C 28.8 a t  25°C
Density was determined by weighing one l i t e r  o f the  l iq u id  in  a one l i t e r
volum etric f la sk . The v is c o s ity  o f  w ater and trich lo ro e th y len e  and the
surface ten sio n  o f  w ater were obtained from data reported  in  the  l i t e r a -  
3 4tu re .  3 The remaining v is c o s ity  and surface tension  measurements were 
made on samples o f the liq u id  by the  P hysical Data Group o f the  Ethyl 
Corporation. V iscosity  was obtained w ith a B rookfield V iscosim eter w ith 
a sp e c ia l adapter fo r low v is c o s i t ie s .  Surface tension  was determined
J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
■with th e  F in d la y  su rfa c e  te n s io n  a p p a ra tu s  u s in g  th e  c a p i l l a r y  r i s e  method.
W ater ru n s  were made w ith  Baton Rouge c i t y  w a te r . A s o lu t io n  
o f  about 18 w eigh t p e rc e n t soda ash  in  w a te r  was u sed  f o r  th e  sodium carbon ­
a te  s o lu t io n  ru n s . V arso l was used  in  a  s e r ie s  o f  t e s t s .  O il  B lend No. 1 
was p re p a re d  by  add ing  10 g a l lo n s  o f  SAE 20 o i l  to  abo u t 10 g a l lo n s  o f  
V a rso l. S ix  g a l lo n s  o f  SAE 50 o i l  was added to  ab o u t 10 g a l lo n s  o f  O il 
B lend No. 1 to  o b ta in  O il B lend No. 2. T r ic h lo ro e th y le n e  f o r  th e s e  ru n s  
was p ro v id ed  b y  th e  E th y l C o rp o ra tio n .
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CHAPTER III
D isc u ss io n  and C o r re la t io n  o f  R e su lts
S in g le -p h a se  p re s s u re  drop r e s u l t s  fo r  th e  t e s t  s e c t io n  a re  
p re s e n te d  and d is c u s s e d . The r e l i a b i l i t y  o f  th e  tw o-phase d a ta  i s  e v a lu a ­
te d .  O bserved e f f e c t s  o f  l i q u id  p h y s ic a l  p r o p e r t i e s  a re  d is c u s se d . H old­
up d a ta  a re  compared w ith  th e  L o c k h a r t-M a r tin e ll i  c o r r e l a t i o n  and a  new 
c o r r e l a t i o n  fo r  ho ldup  i s  developed . P re s su re  drop d a ta  a re  compared w ith  
th e  L o c k h a r t-M a r tin e ll i  and Chenow eth-M artin c o r r e l a t i o n s .  A new p re s s u re  
drop  c o r r e l a t i o n  i s  developed .
S in g le -P h a se  P re s su re  Drop
As a  l im i t in g  case  and as  a  means o f  com paring w ith  s in g le -p h a se  
flow , p re s s u re  d rops w ere de term ined  f o r  th e  20 f t  t e s t  s e c t io n  w ith  l i q u id  
flow  and ze ro  a i r  flow . The r e s u l t s  a re  ta b u la te d  i n  T able I I I .
TABLE I I I  
L iq u id  Phase P re s su re  Drop
Mass V e lo c ity
P re s su re  Drop 
to  F r i c t io n , Reynolds
F r ic t io n
F a c to r
L iq u id Lb/Sq F t  Sec. In .  Hg Number f
W ater 150 0 .57 20,300 0 .031
Na2C03 S o lu tio n 150 0 .60 6 ,2 0 0 0 .039
V arso l 150 0 .70 18,200 0.0303
V arso l 100 0.325 12,100 0 . 031^
O il B lend Wo. 1 150 0 .88 3,770 0 .0^0
O il B lend No. 2 150 2 .0 680 0.090
O il  B lend No. 2 100 1-35 ^55 0.1^5
O il  B lend No. 2 50 0 .68 225 0.293
T r ic h lo ro e th y le n e 150 0.355 35,^00 0 .028
These d a ta  a r e  shown a s a  t y p i c a l  f r i c t i o n f a c to r p lo t  in
F ig u re  3- The s o l id  l i n e  f o r  th e  tu r b u le n t  flow  re g io n  r e p re s e n ts  th e
19
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f r i c t i o n  f a c to r  fo r  a r e l a t i v e  roughness o f  0 . 0 0 2 ,2 co rresp o n d in g  to  a 
one in c h  com m ercial s t e e l  p ip e . D ata fo r  th e  la m in a r ,flow  re g io n  a re
6bshown in  com parison to  th e  l i n e  f o r  f  = —  which i s  P o i s e u i l l e ’s law in
^e
com parable u n i t s .
R e l i a b i l i t y  and R e p ro d u c ib ili ty  o f  E xperim en tal D ata
G ovier, R adford, and Dunn11 p re s e n t  d a ta  f o r  th e  a i r - w a te r  system  
a t  a  w a te r  mass v e lo c i ty  o f  128 l b / s q  f t  sec . T h e ir  t e s t  s e c tio n  was a 
22 .88  f t  le n g th  o f  1.025 in ch  smooth p ip e . In  th e  p re s e n t  s tu d y , a s e r ie s  
o f  check runs were made a t  a  c o n s ta n t w ate r mass v e lo c i ty  o f  128 lb / s q  f t  
sec . to  compare w ith  t h i s  p u b lish e d  d a ta . The r e s u l t in g  holdup d a ta  a re  
shown by  F ig u re  4 and th e  p re s s u re  drop d a ta  by F ig u re  5- Very c lo se  a g re e ­
ment can be n o ted  f o r  th e  holdup d a ta . The observed  p re s s u re  d rops a re  
ap p ro x im ate ly  20fo h ig h e r  th a n  th o se  o f  G ovier e t  a l . ,  a s  would be expec ted  
fo r  d a ta  from a  com m ercial p ip e  in  com parison to  a smooth p ip e .
R e p ro d u c ib ili ty  o f  th e  e x p e rim en ta l d a ta  was a s c e r ta in e d  by 
o b ta in in g  d a ta  from f iv e  runs w ith  i d e n t i c a l  l iq u id  and a i r  feed  r a t e s .
Four groups o f  f iv e  id e n t i c a l  ru n s  were made fo r  s e v e ra l  c o n d itio n s  o f  a i r -  
w a te r  flow  and one group o f  f iv e  i d e n t i c a l  runs was made f o r  each o f  th e  
o th e r  l i q u id s  t e s t e d .  The d a ta  a re  p re s e n te d  in  Appendix B and a  summary 
o f  th e  s t a t i s t i c a l  a n a ly s is  o f  th e  d a ta  in  Table IV. In  o rd e r  t o  avo id  
b i a s ,  ru n s  in  th e  f i r s t  seven groups were p u rp o se ly  made so t h a t  no two 
ru n s  in  th e  same group were c o n se c u tiv e . D ata f o r  s e v e ra l  groups were 
ta k e n  on th r e e  d i f f e r e n t  days. Groups 1 , 2 and 5 show th e  r e p r o d u c ib i l i ty  
fo r  th e  a i r - w a te r  system  w ith  th r e e  d i f f e r e n t  v a lu e s  o f  y^. Groups 1 and 
compare t o t a l  mass v e l o c i t i e s  o f  25 and 50 fo r  a i r - w a te r  w ith  th e  same 
y^ . Groups 1 , 5 , 6 ,  'J, and 9 show th e  e f f e c t  o f  th e  d i f f e r e n t  l i q u id s .  
N in e ty  p e rc e n t o f  th e  d a ta  would be ex p ec ted  to  f a l l  w ith in  p lu s  o r  minus 
two s ta n d a rd  d e v ia t io n s  o f  th e  mean fo r  a  " t"  d i s t r i b u t i o n .  F or R^ d a ta ,
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A n a ly s is  o f  Date, f o r  R e p ro d u c ib i l i ty
S tan d ard
D e v ia tio n Mean AP,
S tan d ard
D e v ia tio n
Group Run Number L iquid _G__ YL Mean Rp I n .  Hg A P , I n .  Hg




256, Water 25 0-378 0.585^ 0 .0 0 5 5 9 .8 9 0.055
2 2b9,
2 6 0 ,
255,
266
2 5 8 , Water 25 0.053 0.257^ .0.0087 b . j b 0 .2 3
3 2 ^ 5 ,  
2 6 1 ,
2 5 0 ,
268
'257 , Water 25 0 . 0 0 k 2 O.O8082 0 .0 1 2 5 3-67 0 .0 9
k 269,
2 8 8 ,
275,
29S
2 8 l , Water 50 0.378 0 .5 0 5 0 0 .0 1 1 1 8 .6 6 0 .1 3
5 3 b6 ,  
b 2 b }
^05,
^30
4o8, Na2C03  S o lu tio n 25 0.378 0.631 0 .0 2 0 7 1 2 .0 6 O.1^




6 1 0 , V arsol 25 0-378 O.5256 0 .0 1 1 1 7..07 0.097
7 8 0 5 ,
8 1^,
8 0 8 ,
817
8 1 1 , O il Blend No. 1 25 0.378 0.5657 0 .0 0 8 6 7 - 8 2 O.O83
8 957-961 O il Blend No. 2 25 0.363 0 .7 2 5 8 0 .0 0 8 8 1 0 .0 8 0.067
9 1 0 2 5 .-1 0 2 9 T rich lo ro e th y len e 37-5 0.378 0.5232 0 .0 0 5 6 1 8 . 2 b 0 . 0^3
ro-F"
25
two standard dev ia tions vary  from a minimum of 0.011 fo r Group 1 to  a 
maximum of 0.0^1 fo r Group 5- For pressure drop., two standard dev ia tions 
vary  from 10.6$ o f the mean fo r Group 2 to  0.^7$ fo r Group 9- There does 
not appear to  be any s ig n if ic a n t e f fe c t o f l iq u id  c h a ra c te r is t ic s ,  to t a l  
mass v e lo c ity  or yp on the  re p ro d u c ib ili ty  o f th e  da ta .
The standard dev ia tions were obtained from
_ 2 _2X2 (XX)2
0-0 (N-l) " N(H-l)
cr0 = standard dev ia tion
( 8 )
2
XX = sum of squares o f Rp or AP fo r a group
XX = sum of Rp or AP fo r a group
N = number of runs in  the group.
Holdup As A Function o f  Liquid Physical P roperties  and Flow Rate
The ob ject fo r  th e  experim ental program was as follow s:
1. To ob ta in  holdup and pressure drop data fo r a range o f yL
a t a constant t o t a l  mass v e lo c ity  w ith a given liq u id .
2. To repea t 1 a t  several t o t a l  mass v e lo c itie s  w ith the same 
liq u id ,
3- To repea t 1 and 2 fo r  each liq u id  te s te d .
Mass v e lo c ity  was considered as an im portant v a ria b le  because 
Jen k in s '13 da ta  showed a p a r a l le l  trend  from th e  L ockhart-M artinelli co rre ­
la t io n  w ith l iq u id  mass v e lo c ity  as a param eter. Review of v e r t ic a l  data  
in  th e  l i t e r a t u r e 10*11 showed the same tren d  w ith mass v e lo c ity . However, 
t o t a l  mass v e lo c ity  was found to  give a more p a r a l le l  tre n d  than liq u id  
mass v e lo c ity  alone. For th i s  reason, to t a l  mass v e lo c ity  was used in  
ob ta in ing  the experim ental da ta .
Figure 6 shows holdup, Rq, as a function  o f yp a t  a t o t a l  mass 
v e lo c ity  o f 150 lb /s q  f t  sec. fo r a l l  o f the liq u id s  te s te d . The dotted
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l i n e  in d ic a te s  Eg. f o r  no d i f f e r e n c e  i n  v e lo c i ty  ‘between th e  p h a s e s , w hich 
i s  th e  l im i t in g  ca se  i n  w hich Rq = yg = l-y-p- The o bserved  d a ta  approach  
t h i s  c o n d i t io n  a s  y-g app roaches  1 . As shown by  F ig u re  6 th e  l i q u id s  appear 
to  g iv e  th e  fo llo w in g  o rd e r  o f  in c re a s in g  d i f f e r e n c e  betw een Rq and yg f o r  
a  c o n s ta n t v a lu e  o f  y^ . The p r o p e r t i e s  o f  th e s e  l i q u i d s ,  as  m easured, a re  
in c lu d e d  to  e x p la in  t h e i r  b e h a v io r .
P w a
1 . T r ic h lo ro e th y le n e 8 8 .9 0 .55 2 8 .8
2 . V arso l ' 48 .5 1 .07 2 4 .9
3- O il  B lend No. 1 51.5 5.83 2 7 .4
4 . W ater 6 2 .4 0 .9 7 2 .5
5- Sodium C arbonate  S o lu tio n 7 4 .0 3 .15 7 5 -9
6 . O il B lend No. 2 54 .2 28.6 2 9 .9
V a rso l, O il  B lend  No. 1 and O il B lend No. 2 have ap p ro x im a te ly  th e  same 
d e n s i ty  and s u r fa c e  te n s io n .  From a  com parison  o f  t h e s e ,  i t  can  th e n  be  
concluded  t h a t  th e  d i f f e r e n c e  betw een Rq and yg in c re a s e s  w ith  l i q u id  
v i s c o s i t y .  In  f a c t ,  ex ce p t f o r  w a te r  and sodium c a rb o n a te  s o lu t io n ,  con­
s id e r a t io n  o f  th e  t a b u la t io n  shows an  in c re a s e  in  t h i s  d i f f e r e n c e  w ith  
in c re a s in g  l i q u id  v i s c o s i t y .  The f a c t  t h a t  w a te r and sodium c a rb o n a te  
s o lu t io n  show a  g r e a t e r  d i f f e r e n c e  betw een Rq and yg t h a t  i s  in c o n s i s t e n t  
i n  te rm s o f  v i s c o s i t y ,  a l s o  in d ic a te s  t h a t  a n o th e r  p h y s ic a l  p ro p e r ty  must 
c o n t r ib u te .  B oth  th e s e  l i q u id s  have h ig h  s u r fa c e  te n s io n s ,  w hich su g g e s ts  
t h a t  th e  d i f f e r e n c e  betw een Rq and yg must in c re a s e  w ith  in c re a s in g  s u r ­
f a c e  te n s io n .  The e f f e c t  o f  l i q u id  d e n s i ty  i s  n o t o b v io u s .
F ig u re  7 shows th e  holdup f o r  w a te r  a t  th r e e  d i f f e r e n t  t o t a l  
mass v e l o c i t i e s .  I t  i s  a p p a re n t t h a t  th e  d if f e r e n c e  betw een R q  and yg 
in c re a s e s  a s  th e  t o t a l  mass v e l o c i ty  d e c re a se s .
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F ig u res  6 and 7 re p re s e n t  o n ly  a sm all p a r t  o f  th e  ex p erim en ta l 
d a ta .  However, th e  o b se rv a tio n s  fo r  o th e r  flow  r a te s  a re  c o n s is te n t  w ith  
F ig u re  6 and th o se  fo r  o th e r  f lu id s  a re  c o n s is te n t  w ith  F ig u re  7 . In  
summary, th e  d if f e r e n c e  betw een Rq and yQ i s  in d ic a te d  to  behave q u a l i t a ­
t i v e l y  as  fo llo w s:
1* %  = = -*-• -A-s yL decreases? the difference between
Rq and yQ increases to a maximum and then decreases to 0 at 
JL = 0.
2. S ince  Rq i s  alw ays l e s s  th a n  yQ, th e  gas v e lo c i ty  i s  alw ays 
g r e a te r  th a n  th e  l i q u id  v e lo c i ty .
3< At c o n s ta n t yp, th e  d if f e re n c e  betw een Rq and yQ te n d s  to  
be g r e a te r  a t  low t o t a l  mass v e l o c i t i e s  th a n  a t  h ig h  t o t a l  
mass v e l o c i t i e s .
At c o n s ta n t yp and c o n s ta n t t o t a l  mass v e lo c i ty ,  th e  d i f ­
fe re n c e  betw een R q  and y Q  appears  to  in c re a s e  w ith  in c r e a s ­
ing. l iq u id  v i s c o s i ty  and w ith  in c re a s in g  s u rfa c e  te n s io n . 
Holdup D ata C o r re la t io n
F ig u re  8 shows ex p e rim en ta l d a ta  fo r  th e  a i r - w a te r  system  a t  
t o t a l  mass v e l o c i t i e s  o f  5, 25 , and 150 lb / s q  f t  sec . p re se n te d  in  th e  
form  used  by  L ockhart and M a r t i n e l l i . 15 From th e  r e l a t i v e  c o n s is te n c y  o f  
th e  d a ta  fo r  each flow  r a t e  and t h e i r  p o s i t io n  r e l a t i v e  to  th e  b e s t  l i n e  
drawn f o r  th e  L o c k h a r t-M a r tin e ll i  d a ta ,  i t  i s  a p p a re n t th a t  mass v e lo c i ty  
i s  an  im p o rtan t v a r ia b le  t h a t  i s  n o t in c lu d e d  in  t h e i r  c o r r e la t io n .
The e x p e rim en ta l d a ta  appear to  be s u b s t a n t i a l l y  p a r a l l e l  to  
th e  b e s t  l i n e  L o c k h a r t-M a r tin e ll i  c o r r e l a t io n  and th e  d e v ia tio n s  appear 
to  be a  fu n c tio n  o f  t o t a l  mass v e lo c i ty .  The c o r r e l a t i n g  f a c to r  used  by 
L ockhart and M a r t in e l l i  and shown by  eq u a tio n  ( l )  was
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FIGURE 8
L o c k l ia r t -M a r t i r ie l l i  C o r r e la t io n  Compared 
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The v i s c o s i t y  te rm  i s  c o n s ta n t f o r  each l i q u id  t e s t e d  i n  t h i s  in v e s t ig a -
■ t I Wt \ ^  ■ ® /  o p  ^t i o n .  T h e re fo re ; —  — 1 was used  a s  th e  i n i t i a l  c o r r e la t in g
\ ^GI  PL/
f a c to r .  T h is  was p lo t t e d  v e rsu s  R f/w ith  a  s e p a ra te  p lo t  fo r  each l i q u id .
F ig u re  9 shows th e  p lo t  fo r  th e  a i r - w a te r  d a ta .  The p lo t s  f o r  th e  o th e r
l i q u id s  were s im i la r .  D ata f o r  t o t a l  mass v e l o c i t i e s  o f  50,  100 and 150
1
w ere found to  f a l l  to g e th e r .  The fu n c tio n  - —•. - was found to  c o r r e la te
q U . ' i J b
th e  p a ram e te rs  f o r  t o t a l  mass v e l o c i t i e s  o f  5,  10, 25 and 50. A s e p a ra te
1  I Wt  \°  ‘ 9  / p r \ ° ’ 5p lo t  was th e n  made fo r  each l i q u id  o f  RT v e rsu s  ----------  T-r- —
H  L  q O . 4 3 5  lWG/ \ p L |
When G was g r e a te r  th a n  50,  a  v a lu e  o f  50 was u sed . A b e s t  l i n e  was drawn 
f o r  each p lo t  and th e s e  l i n e s  were th e n  drawn on a  s in g le  p lo t  shown by 
F ig u re  10.
The p a ram e te rs  a re  e s s e n t i a l l y  p a r a l l e l  f o r  th e  l i q u id s .  At RL = 
•6 0 j th e  v a lu e  o f__________   . 1 P l
qO.435 ^
PG.|°-5
0.9  ,p ,0.5
1 was o b ta in e d  f o r  each  l iq u id .
PL
T h is  was d iv id e d  by j ^ J  a t  th e  average  c o n d itio n s  o f  th e  ru n s to  e l im i-
1 |WL\ 0 - 9n a te  d e n s i ty  from th e  te rm s and th u s  o b ta in  th e  b e s t  v a lu e  o f   —  h r-
qO. 435 lwG
fo r  each l i q u id .  T h is  v a lu e  was c o r r e la te d  by th e  e q u a tio n :
lo g 1 /WL | ° - 9'  
q.0.435 (Wg| = lo g  a0 + a L lo g  pL + a 2 lo g  pL
+ a3 lo g  cr  _ _ _ _ _ ------------- ( 9 )
A l e a s t  sq u a re s  c a lc u la t io n  was made w ith  th e  LGP-30 com puter a t  th e  E th y l 
C o rp o ra tio n  to  o b ta in  th e  b e s t  f i t  t o  th e  e q u a tio n . The c o r r e l a t i o n  co­
e f f i c i e n t  fo r  th e  l e a s t  sq u a res  f i t  was O.98  which in d ic a te s  a h ig h  le v e l  
o f  s ig n if ic a n c e  o f  th e  f i t  o f  th e  e q u a tio n  to  th e  d a ta .  The d a ta  o b ta in e d  
a re  shown b y  T able V.
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Summary o f  C o e f f ic ie n ts  and S tan d ard  D ev ia tio n s  
fo r  Holdup C o r re la t io n  - E xperim en ta l D ata
P h y s ic a l P ro p e r ty  C o e f f ic ie n t  S tan d a rd  D ev ia tio n
pL -0 .70989  0.265
pL +0.18971 O.O^O
a  +0.2CM8 0.106
The c o e f f i c ie n t s  a re  tw ice  th e  s ta n d a rd  d e v ia tio n  o r  h ig h e r .  A ll  th r e e
c o e f f i c ie n t s  a re  th e re fo re  a t  th e  95% co n fid en ce  l e v e l  o r  b e t t e r .
C o r re la t io n  o f  th e  ex p e rim e n ta l d a ta  d id  n o t c o n s id e r  e i t h e r
d e n s i ty  o r  v i s c o s i ty  o f  th e  gas phase because th e s e  d id  n o t v a ry  s i g n i f i -
22c a n t ly .  The d a ta  o f  Schwarz r e p o r t  holdup d a ta  on w a te r-s te am  a t  20 to  
80 atm ospheres p re s s u re .  These d a ta -w ere  worked up in  th e  same manner as  
th e  ex p e rim en ta l d a ta  and were poo led  w ith  th e  e x p e rim en ta l d a ta  f o r  c o r r e ­
l a t i o n  to  o b ta in  c o e f f i c ie n t s  fo r  pG and The r e s u l t s  a re  shown by 
T ab le VI.
TABLE VI
Summary o f  C o e f f ic ie n ts  and S tandard  
D ev ia tio n s  fo r  Holdup C o r re la t io n  - 
Schwarz D ata and E xperim en ta l D ata
P h y s ic a l P ro p e r ty  C o e f f ic ie n t  S tan d a rd  D ev ia tio n
pL -0 .7205  0 .22
PL +0.18773 0 .032
cr +0 . 2051!- 0 .0 9
pG +0.70266 0 .10
PG +2.7539 0.56
The c o e f f i c ie n t s  f o r  th e  l i q u id  p h y s ic a l  p r o p e r t i e s  a r e  e s s e n t i a l l y  th e  
same as  f o r  th e  c o r r e la t io n  o f  th e  e x p e rim en ta l d a ta  a lo n e . A ll  c o e f f i ­
c i e n ts  a re  above th e  98% co n fid en ce  l e v e l .  The c o r r e l a t i o n  c o e f f i c ie n t  
was O .99,
The c o r r e la t in g  fu n c tio n  fo r  i s  th u s  found to  be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
w here G i s  a  maximum o f  50 lb / s q  f t  sec . The ex p e rim en ta l d a ta  were
c o r r e la te d  u s in g  t h i s  fu n c tio n  h u t  n e g le c t in g  w hich was c o n s ta n t a t
0 .018  c e n t ip o is e s .  The c a lc u la te d  fu n c tio n  x and Rp a re  ta b u la te d  in  
Appendix C f o r  a l l  o f  th e  e x p e rim en ta l d a ta .  The c o r r e la te d  d a ta  a re  
shown by F ig u re  11. Gas v i s c o s i t y  i s  th e n  added to  th e  fu n c tio n  by  th e  
f a c to r
The f i n a l  c o r r e l a t i o n  shown by F ig u re  12 p lo t s  R^ a g a in s t  th e  fu n c tio n  x .
W = w eigh t r a t e  o f  flow , lb / s e c .  
p. = v i s c o s i t y ,  c e n t ip o is e s  
p = d e n s i ty ,  lb /c u  f t
G = t o t a l  mass v e lo c i ty ,  l b / s q  f t  sec . A ll  v a lu e s  g r e a t e r  th a n  
50 a re  assumed to  eq u a l 50 . 
a  = s u r fa c e  te n s io n ,  dynes/cm .
T h is  p roposed  c o r r e l a t i o n  was compared w ith  th e  e x p e rim e n ta l 
d a ta  by  d e te rm in in g  Rp ( o b s e r v e d ) - R e c a lc u la te d ) . The c o r r e l a t i o n  was 
a l s o  compared i n  th e  same way w ith  p u b lish e d  holdup d a ta .  The r e s u l t s  a re  
ta b u la te d  by  T able V II.
E x c e lle n t agreem ent i s  o b ta in e d  w ith  th e  p roposed  c o r r e l a t i o n  
o v er a  w ide ran g e  o f  f l u i d  p h y s ic a l  p r o p e r t ie s  and f o r  p ip e  d ia m e te rs  from 
CA  to  2 .5 ^  in c h e s  i n  d ia m e te r .
7 ,0.9 (
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Summary o f  ^ ( O b s e r v e d )  - R p ( C a lc u la te d )  
f o r  P ro p o s e d  H oldup  C o r r e l a t i o n
I n v e s t i g a t o r System
P ip e  D iam eter 
In c h e s
Wo. o f  
Runs
A verage
arl Range o f  ARp
T h is  i n v e s t i g a t i o n A ir-W a te r 1 . 0^9 176 0 .0221 - 0 .1 1  to  +O.O38
T h is  i n v e s t i g a t i o n A ir-N a2C03 S o lu t io n 1 . 0^9 108 0 .0228 -0 .0 7 4  t o  +0 .065
T h is  i n v e s t i g a t i o n A ir -V a rs o l 1 .0 ^ 9 97 0.0225 -0 .0 6 7  to  +0 .0 5 2
T h is  i n v e s t i g a t i o n A i r - O i l  B lend  Wo. 1 1 .0 ^ 9 90 0 .0 2 1 - 0 .0 5 7  t o  +0 .06
T h is  i n v e s t i g a t i o n A ir - O i l  B lend  No. 2 i .o 4 c 55 0 .0 2 3 9 - 0 .0 3 3  to  + 0 .064
T h is  i n v e s t i g a t i o n A ir - T r ic h lo r o e th y le n e 1 . 0^9 25 0 .0218 - 0 .0 3 8  t o  +0 .053
G o v ie r  e t  a l . 11 A ir-W a te r 1 .025 26 0 .024 - 0 .0 5 8  t o  +0 .023
Yagi e t  a l . 24 A ir-W a te r o .4o5 24 0 .0 l4 -0 .0 4  to  +0 .0 2 8
Yagi e t  a l . 25 A ir-W a te r 0 .6 9 16 0 .0 1 2 - 0 .0 3  to  + 0 .02
S c h u r ig 21 A ir-W a te r 1 .8 5 29 0.0455 -0 .1 0 5  to  +0 .0 3 2
I s b in  e t  a l . 12 S team -W ater 0 .872 23 0 .073 - 0 .1 8  to  +0.02
ooSchwarz Steam -W ater 2 .3 4 15 0 .025 -0 .0 7 8  to  +0 .025
G a le g a r  e t  a l . 10 A ir-W a te r 2 .0 32 0.0445 - 0 . l 4  to  +0.027
G a le g a r  e t  a l . 10 A ir-W a te r 0-52 15 0 . 0^5 -0 .0 7 5  to  - 0 .015
39
Two-Phase P ressure Drop
2 2 2 2 
The term  Vgx 0f  equation (7) was found
2gc(wLvL + wGvGam^
to  "be n e g lig ib le  fo r the experim ental d a ta . Equation (7) then  reduces to
(Zg~Z lV ^ ^ 1 ■ (P i"P2) + = 0 .................................(11)
Equation ( l l )  was used to  c a lc u la te  APipp from the  experim ental data . The 
f i r s t  term , the  p ressu re  change due to  p o te n tia l  head, was ca lcu la ted  
hased on the  a i r  and liq u id  ra te s  en te rin g  the  p ipe . The d i f f e r e n t ia l  
p ressu re  (px-pg ) was th a t  measured between the  two p ressu re  tap s .
Figure 13 and Figure 1^ show the  r e s u l t s ,  using the  methods p ro­
posed by Lockhart and M a r tin e lli15 and Chenoweth and Martin6 to  c o rre la te  
th e  experim ental data in  th e  tu rb u le n t range fo r  the a ir-w a te r  system.
A d e f in i te  tre n d  w ith  mass v e lo c ity  i s  shown in  each case.
The two-phase p ressure drop, APpp, i s  due to  two mechanisms both 
o f  which cause energy lo sse s .
1. F r ic t io n  between the  f lu id  and the  pipe w all.
2, Turbulence between the  two phases.
The l a t t e r  o f th ese  could be expected to  be a function  of the d iffe ren ce  
in  v e lo c ity  between the  two phases which i s  defined as the  s l ip  v e lo c ity . 
Figure 15 shows the  two-phase p ressu re  drop per foot o f p ipe versus s l ip  
v e lo c ity  fo r the  a ir-w a te r  runs. S im ilar p lo ts  were obtained w ith  the 
data  fo r the o th e r f lu id s  stud ied . C alcu lated  s l ip  v e lo c ity  and two-phase 
p ressu re  drop per u n it  leng th  fo r the  experim ental runs a re  ta b u la te d  in  
Appendix C. F igure 16 shows APpp/L versus s l ip  v e lo c ity  fo r a l l  systems 
fo r  t e s t s  made a t  a  t o t a l  mass v e lo c ity  o f 150 lb /sq  f t  sec.
The o rd in a te  in te rc e p t i s  the p ressu re  drop fo r 100$ liq u id  
flow. To force a l l  s e r ie s  to  pass through zero APpp/L a t  zero s l ip
^prnp-^pj
v e lo c ity , the o rd in a te  was rev ised  to  — ------  where APL i s  the  p ressu re
drop fo r  liq u id  flow a t  the  t o t a l  mass v e lo c ity  o f  th e  sp ec if ic  s e r ie s  o f
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T w o-Phase P r e s s u r e  D rop V e rsu s  
S l i p  V e l o c i t y  f o r  A lr -W a te r  D a ta
G = 1 0  
G = 2 5  
G = 5 0  
G =  1 0 0  
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Tvo-Ph.ase P ressu re  Drop Versus S lip  
V e lo c ity  fo r  a l l  Systems a t  G = 150
10 20 60
Vg S lip  V e lo c ity , F t/S ec .
runs. The da ta  were re p lo tte d  and a t  a s l ip  v e lo c ity  o f ^0 f t / s e c .  a 
Aprpp-APTvalue o f — ~ ~ — was obta ined  fo r  each system a t  each to t a l  mass v e lo c ity . 
.Lj
These values were c o rre la te d  by th e  equation:
APrpp-APrlog —  y = log a0 + ax log pL + a2 log pL + a3 log tr
+ a 4 log G .............. - ....................................  (12)
The computer was used to  o b ta in  the b e s t le a s t  squares f i t  in  the  same 
manner as fo r the holdup c o r re la tio n . A c o rre la tio n  c o e f f ic ie n t o f 0 . 98^ 
was obta ined  w ith a1 = 0. This in d ic a te s  th a t  th e  c o r re la tio n  i s  indepen­
dent o f l iq u id  d en s ity . The d a ta  a re  shown by Table V III.
TABLE V III
Summary o f C o effic ien ts  and Standard 
D eviations fo r  P ressu re  Drop C orre la tion
P hysica l P roperty  C o e ffic ien t Standard D eviation
pL -0.1^76 0.019
a - 0 ,1 9 ^  0.057
G -0.6975 0.035
The c o e f f ic ie n ts  a re  a t  le a s t  th re e  tim es th e  standard  dev ia tio n  which 
in d ic a te s  th a t  each i s  very s ig n if ic a n t .  The param eter to  c o rre la te  
p h y s ic a l p ro p e rtie s  and to t a l  mass v e lo c ity  i s  th e re fo re
1 /  -. -jr \
^ “ |j_ o'. 14 9 pO . 194 QO 70 
Aprnp.APTP lo ts  were then  made of — ------  versus \jr a t  in te rv a ls  o f s l ip  v e lo c ity
o f 20 f t / s e c .  Figure 17 shows a ty p ic a l  p lo t fo r th i s  s tep . Best values 
APrnp—ZXPto f —  y  were th en  obta ined  and p lo tte d  w ith  as param eters. The f in a l
i_i
graph i s  shown by Figure 18.
T o tal iiq u id -g as  p ressu re  drop can then be ca lc u la te d  w ith  equa­
t io n  ( l l ) .  The two-phase p ressu re  dropj ARjp, i s  c a lcu la ted  by adding APp 
to  APijp-APp ob ta ined  from th e  c o r re la tio n  fo r a sp e c if ic  f lu id  and to t a l  
mass v e lo c ity  which f ix e s  th e  value o f ty. The proposed c o rre la tio n  proce­
dure was checked w ith the  experim ental data  by determ ining the








aptp-apl „  ,,— ------ Versus fo r
Li
S lip  V elocity  of *H3 F t/Sec.
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k j
p e rc e n ta g e  e r r o r  betw een th e  o b served  and c a lc u la te d  t o t a l  p re s s u re  drop. 
The r e s u l t s  a re  ta b u la te d  in  T able IX.
TABLE IX
Comparison o f  O bserved and C a lc u la te d  
T o ta l  P re s su re  Drop fo r  E xperim en ta l Runs
_______ System_________ Wo. o f  Runs A verage °jo A bso lu te  E rro r
A ir-W ater 182 , l b . 2
A ir-N a2C03 S o lu tio n  113 10 .5
A ir-V a rso l 96 1^*3
A ir -O il  B lend Wo. 1 90 9 .2
A ir -O il  B lend Wo. 2 57 6 .k
A ir -T r ic h lo ro e th y le n e  25 8 . -^
Average A bso lu te  E r ro r  o f  563 Runs = 11 .b<j0 
T his c o r r e l a t i o n  i s  b ased  on a 1 .0 ^9  in ch  p ip e  d ia m e te r w ith  a 
r e l a t i v e  roughness o f  0 .002 . P u b lish e d  d a ta  a re  f o r  smooth p ip e s  o f  d i f ­
f e r e n t  d ia m e te rs  and were used  to  ex tend  th e  c o r r e l a t io n .
G alegar e t  a l . 10 p re s e n te d  p re s s u re  drop d a ta  f o r  smooth p ip e s  
2 in c h es  and O.52 in c h e s  in  d ia m e te r . G ovier e t  a l . 11 p re s e n te d  d a ta  fo r  
a  1 .025 in c h  d iam ete r smooth p ip e . These d a ta  were c o r r e la te d  w ith  a
d ia m e te r c o r r e c t io n  to
____________ 1  I D |0 , 5
^ ~ G0 ,7  PL° ' 147 (J0 ,194  ' 0 .0873 / .......................................... ( '
where D = in s id e  d iam ete r o f  p ipe^ f t .
A c o r r e c t io n  fo r  p ip e  roughness was made w ith  a  c o r r e c t io n  to  e q u a tio n  ( l l )
to  g iv e  th e  fo llo w in g  e q u a tio n  f o r  t o t a l  p re s s u re  d rop .
(„ „ ) -  (Zg-Z i) (WL + WG) , f T, . .
1  2  T w l v l  +  WG Y G a m ) I ^ l )  0 . 0 0 2  T P
fp  = f r i c t i o n  f a c to r  fo r  l i q u id  a t  t o t a l  mass v e lo c i ty
in  th e  p ip e
( f j j o .o o s  = f r i c t i o n  f a c to r  fo r  l i q u id  a t  t o t a l  mass v e lo c i ty  
i n  p ip e  w ith  r e l a t i v e  roughness o f  0 . 002.
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The a b s o lu te  av erage  p e rc e n ta g e  e r r o r  betw een th e  observ ed  and c a lc u la te d  
d a ta  a re  shown by  T ab le  X.
TABLE X
Comparison o f  O bserved and C a lc u la te d  
T o ta l P re s s u re  Drop f o r  L i t e r a t u r e  D ata
P ipe  D iam eter, No. o f
I n v e s t ig a to r  System  In ch es  Puns Average $ E rro r
G ovier e t  a l . 11 A ir-W ate r 1 .025 27 10 .^ +
G aleg a r e t  a l . 10 A ir-W ater 2 .0  2k  1^ .5  :
G alegar e t  a l . 10 A ir-W ate r 0 .52  15 8 °3
Thus th e  c o r r e l a t i o n  fo r  t o t a l  p re s s u re  d rop  in  v e r t i c a l  two-
ph ase  flow  ap p ea rs  t o  be  a c c u ra te  to  w ith in  15$ f o r  th e  range o f  d a ta
in v e s t ig a te d .
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SUMMARY AND CONCLUSIONS
V e r t ic a l  upward c o c u rre n t tw o-phase flow d a ta  were o b ta in ed  w ith  
a  one in c h  p ip e  f o r  a i r  and s ix  d i f f e r e n t  l i q u id s .  The holdup and p r e s ­
su re  drop d a ta  o b ta in e d  showed s ig n i f i c a n t  d e v ia tio n s  from th e  c o r r e la t io n s  
proposed  by  L ockhart and M a rt-in e lli f o r  h o r iz o n ta l  tw o-phase flow . T here- 
f o r e ,  c o r r e l a t io n s  were developed  fo r  holdup and p re s s u re  drop b ased  on 
th e  ex p e rim en ta l d a ta .
Gas and l iq u id  p h y s ic a l  p r o p e r t i e s ,  mass v e lo c i ty  o f  flow , and 
mass flow s e n te r in g  th e  p ip e  w ere found to  be  th e  im p o rtan t v a r ia b le s  fo r  
holdup in  th e  p ip e . L iqu id  volume f r a c t io n  in  th e  p ip e  was c o r r e la te d  
w ith  a fu n c tio n  x .
I 0 .9  0 .19 0.205 0.70 2.75
x = WL M-L g PG |iG
1Wq I qO.435 p l0.72
¥  = mass r a t e  e n te r in g  p ip e ,  lb / s e c .
G = t o t a l  mass v e lo c i ty ,  l b / s q  f t  sec . When G exceeds 50, 
a  v a lu e  o f  50 i s  u sed , 
p = v i s c o s i ty ,  c e n t ip o is e s  
p = d e n s i ty ,  lb / c u  f t  
cr = su rfa c e  te n s io n ,  dynes/cm  
sub L = l iq u id  
sub G = gas
The c o r r e l a t io n  i s  in  c lo se  agreem ent w ith  th e  e x p e rim en ta l d a ta  and 
l i t e r a t u r e  d a ta  f o r  ho ldup . The l i t e r a t u r e  d a ta  in d ic a te  t h a t  holdup i s  
indep en d en t o f  p ip e  d ia m e te r in  th e  range  o f  th e  a v a i la b le  d a ta ,  0 ,^  to  
2 . 3^ in c h e s .
^9
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The same v a r ia b le s  t h a t  e f f e c t  holdup were found to  be im p o rtan t 
in  th e  c o r r e la t io n  o f  tw o-phase p re s s u re  drop data* T h is  c o r r e la t io n  shows 
tw o-phase p re s s u re  drop to  be a  fu n c tio n  o f  th e  d if f e r e n c e  in  v e lo c i ty  b e ­
tw een th e  two phases i n  th e  p ip e  w ith  param eters  o f  ty.
1
if qO . 70 ^ 0-147  a0„l9 4
G = t o t a l  mass v e lo c i ty ,  l b / s q  f t  se c .
Pp = l i q u id  v i s c o s i t y ,  c e n t ip o is e s
a = su rfa c e  te n s io n ,  dynes/cm
C o rre la t io n  w ith  l i t e r a t u r e  d a ta  fo r  0 .5  and 2 in ch  p ip e  in d ic a te s  th a t  
\j/ i s  in v e r s e ly  p ro p o r t io n a l  to  th e  square  ro o t o f  th e  p ip e  d iam ete r.
The procedure  fo r  c a lc u la t in g  th e  t o t a l  p re s s u re  drop fo r  v e r t i ­
c a l  c o c u rre n t upward flow  i s  b ased  on th e  fo llo w in g  eq u a tio n  developed 
from  th e  B e rn o u lli  thereom .
(Zg - Z j  (WL + WqI .  (p } + ^pTp = o 
( ¥ l v l  +  WGv G a m )
W = mass r a t e  e n te r in g  p ip e , lb / s e c .
Z = e le v a t io n ,  f t
v = s p e c if ic  volume, cu f t / l b
p = a b s o lu te  p r e s s u re ,  l b / s q  f t
ZaPijP = tw o-phase p re s s u re  d ro p , lb / s q  f t
sub L, G = l i q u id ,  gas
sub Qajn = a r i th m e t ic  mean o f  gas a t  1 and 2
sub 1 ,2  = i n l e t  and o u t l e t  r e s p e c t iv e ly
The p roced u re  i s  as fo llo w s ”
1. C a lc u la te  th e  p re s s u re  change due to  p o t e n t i a l  head , th e  
f i r s t  te rm  o f  th e  g e n e ra l eq u a tio n .
2. C a lc u la te  th e  l i q u id  volume f r a c t io n  in  th e  p ip e  w ith  th e  
holdup c o r r e l a t io n .
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3. C a lc u la te  th e  l iq u id  and gas v e l o c i t i e s  in  th e  p ip e  from
th e  mass flow s and 2 .
C a lc u la te  APpp from th e  d i f f e r e n c e  in  v e lo c i t y  betw een th e  
tw o-p h ases from 3 and fo r  ^ fo r  th e  system .
5- With th e  head term  and AP.jp th u s o b ta in ed , c a lc u la t e  (p r -p s)  
from th e  g e n e r a l eq u a tio n .
Recommendations fo r  ex ten d in g  t h i s  work are as fo llo w s :
1. The holdup c o r r e la t io n  i s  b ased  upon o n ly  two g a se s:  a i r
and steam . A d d it io n a l d ata  sh ou ld  be o b ta in ed  w ith  o th er  
g a se s  to  b e t t e r  determ ine th e  e f f e c t  o f  gas p h y s ic a l  p rop er­
t i e s .
2 . The p r e ssu re  drop c o r r e la t io n  i s  based  on a ir  a s  th e  gas  
w ith  exp er im en ta l data  fo r  p r e s su r e s  near a tm osp h eric . The 
c o r r e la t io n  cou ld  be extend ed  w ith  work on o th e r  g a ses  to  
determ ine th e  e f f e c t  o f  gas p h y s ic a l  p r o p e r t ie s  and a t  h ig h er  
p r e ssu r e s  to  determ ine th e  e f f e c t  o f  p r e ssu re .
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NOMENCLATURE
a0 constant
a x, &£, &3 , a4 exponents
D in s id e  diameter o f  p ip e , f t
F ' energy lo s s  to  f r ic t io n , ft-Xb force/lb -m ass
f  f r ic t io n  factor
G mass v e lo c ity , lb m ass/sq f t  sec .
gc 32.17 (lb  f o r c e ) ( f t ) / ( lb  m a ss)(se c .2 )
L length  o f  p ipe, f t
N number o f  runs in  a group
AP pressure drop, lb  fo r c e /sq  f t
p absolute pressure, lb  fo rc e /sq  f t
R volume fra c tio n  in  pipe
V lin e a r  v e lo c ity ,  f t / s e c .
v s p e c if ic  volume, cu f t / l b  mass
W mass rate o f  flow , lb m ass/sec.
W0 ex tern al work, f t - lb  force/lb -m ass
X parameter in  Lockhart-M artinelli co rre la tio n
x parameter in  proposed holdup co rre la tio n
y volume fra c tio n  entering  the pipe
Z e le v a tio n , f t
A f in i t e  change o f  var iab le
P v is c o s i ty ,  lb m ass/ft-h r  or c e n tip o ise s  as noted
p d en sity , lb  mass/cu f t
52
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2X sum o f  Rp or AP fo r  a group
XX2 sum o f  squares o f  Rp or AP fo r  a group
a su r fa c e  ten sion ^  dynes/cm
cr0 standard  d e v ia t io n
ij/ param eter in  proposed  p r e ssu re  drop c o r r e la t io n
sub G gas
sub Gam g a s - a r i th m e t ic  mean
sub L l iq u id
sub S s l i p
sub TP tw o-phase
sub i  p o in t  o f  i n l e t  t o  s e c t io n
sub 2 p o in t  o f  o u t le t  o f  s e c t io n
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APPENDIX A
Holdup and P re s su re  Drop D ata
A ir  B a te  W ater R a te
Run No. CFM CFM
A ir-W ater Runs
G = 5
135 3*02 0.0243
136 4 ,17 0.0227
137 5*33 0.0208
138 6 .4 5 0.0195
139 7-63 0.0179
l4 o 0.00095 0.0289
l 4 i 0.0195 0.0289
142 0.0473 0.0289
i 43 0.110 0.0289
l4 4 0.187 0.0289
145 0 .268 0.0289
i 46 0.353 0.0289
147 0*355 0.0285
i 48 0.485 0.0281
149 0 ,74 0.0278
150 1 .1 9 0.0272
151 1 .70 0.0265
152 1 .98 0.0262
153 2 .2 8 0.0256
194 4 .73 0.0219
195 7*45 0.0187
196 10.45 0.0156
197 13.4 0 .011
198 19 .9 0.0070




56 1 .22 0.0575
57 1 .6 9 0.0575
58 2 .05 0.0575
59 2 .58 0.0575
60 3 .3 8 0.0575
61 4 .2 0.0575
56
H oldup P r e s s u r e  P r e s s u r e
cc Gage, p s ig  D rop, I n .  Hg
800 2 .8  3 .8
725 2 .7  3*6
620 2 .5  3*2
580 2 .4  3„0
500 2 .3  2 .7
3^90 10*0 17.6
3185 9*4 16 .2
2910 8 .4  14 .5
244o 7 .0  11 .45
2110 6 .2  9 .7
1820 5 .3  8 .1
1650 4 .5  6 .8
1620 4 .6  7 .4
1325 3*7 5-5
1 0 5 5  3*1 4 .2 5
875 2 .6  3 .35
810 2 .5  3 .2
815 2 .6  3 .4
800 2 .7  3 .6
660 2 .5  3 .1
505 2 .3  2 .9
350 2 .0  2 .0
210 2 .0  1 .5
125 1 .9  1 .1
0 -  0 .9
1095 3 .6  4 .9
1045 3„0 M-.l
890 3*7 3*6
870 3 .0  3 .45
815 3*5 - 3*45
805 2 .7  3*7
780 3 .0  4 .2
790 3*1 4 .2
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Holdup and P r e s s u r e  Drop D ata
(C o n tin u e d )
A ir  R ate  W ater R ate  H oldup P r e s s u r e  P r e s s u r e
Run Ho. CFM CFM cc Gage, p s ig  D rop, I n .  Hg
A ir-W ater Runs (C ontinued)
78 0.00265 0.0575 3795 10 .0 17.7
79 0.0101 0.0575 337o 9 .7 16 .9
80 0.0288 0.0575 3150 9 .2 16.7
8 l 0.077 0.0575 2990 8 .7 15 .0
82 0 .1 0 9 0.0575 2610 7 .7 12.6
83 0.186 0.0575 2270 6 .5 10.5
87 0.267 0.0575 2015 5 .7 9 .0
85 0.373 0.0575 1730 5 .1 7 .9
187 7-75 0 .051  *- 710 2 .8 3 .7
188 7 .7 0.0775 550 2 .5 3 .2
189 10.5 o .o 775 7 o o 2 .1 2 .7
190 13.6 o . o 7 o 300 2 .0 2 .1
191 16.5 0.036 220 2 .0 1 .9
192 2 0 .0 0.0306 150 2 .0 1 .7
193 23.6 0.0272 120 2 .1 1 .7
22^ 0 . 7 i 3 0.057 1760 7 .5 6 .5
225 0 .6 0 0.0565 1235 3 .7 5 .1
226 0 .9 0 0.0565 1010 3 .0 7 .1
227 1 .2 0 0.056 930 2 .8 3-9
228 1 .52 0.0555 810 2 .7 3.6
229 1 .7 9 0 .057 820 2 .8 3 .5
230 2 .2 7 0 .057 810 2 .8 3 .7
278 2 6 .7 0.020 105 2 .5 1 .3
279 30 .3 0.0177 80 2 .7 1 .2
280 35-5 0.0078 50 2 .5 1 .2
G = 25
33 0.823 o . i 77 1225 3 .8 5-5
37 1 .66 o . i 77 930 3-3 7 .7
35 2 .6 2 o . i 77 970 3 .2 7 .6
36 3 .3 0 o . i 77 890 3-5 5-1
37 7 .1 2 o . i 77 87o 3-5 7 -9
86 0.0053 o . l 77 3790 10 .0 17-7
87 0.0193 o . i 77 3325 9.6 16 .8
88 0.0765 o . l 77 3110 9-0 15.6
89 0.1065 0 . i 77 2760 8 .1 13 .8
90 0.183 o . i 77 2750 7 -1 1 2 .0
91 0 .2  6 0 . i 77 2175 6 .5 10.6
92 0.336 0 . i 77 i960 6 .0 9 .7
158 0.705 o . i 77 1820 5-5 8 .9
180 7 .55 0.138 810 3-5 7 .8
181 7-3 0.137 710 3 .1 7 .7
182 1 0 .1 0 .131 575 3 .0 7 .o
183 1 3 .0 0.127 790 . .3*1 3 -9
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Holdup and P r e s s u r e  Drop D ata
(C o n tin u ed )
A ir Hate W ater R ate Holdup P re s su re  
■Eft™- = CFM CFM____  cc Gage, p s ig
A ir-W ater Runs (C ontinued)
184 16 = 0 0.122
185 19.2 0.118
186 22 = 7 0.111
218 0 = 595 0 = l 44
219 0.87 o . i 44
220 1 .18 0.144
221 1 .50 0.144
222 1.83 0.144
223 2.23 ' o . l 44
2^5 25.6 0=1075
246 29 .1 0.102














27 0.791 0.289 l 44o 5 .0
28 1 .61 0.289 1180 4 .2
29 2 = 54 0.289 1070 4 .0
30 3 = 14 0.289 1010 4 .4
31 3 = 97 0 .289 975 4 .4
47 0.796 0 .289 i 46o 5 = 0
99 0.0054 0 .289 3485 10 = 0
100 0.0191 0.289 3360 9=9
101 0.046 0 .289 3195 9=5
102 0.105 0 .289 2930 8 .7
103 0.178 0 .289 2620 8 .0
104 0.25 0 = 289 '2450 7 = 4
105 0=334 0 = 289 2270' 6 .7
120 2 .88 0.289 1060 4.2
121 3 = 95 0 .289 1000 4 .0
122 5=21 0 .289 910 4 .o
123 6=35 0 .289 830 4 .0
124 7=43 0 .289 835 4 .0
157 0 .3 9 0 .289 2145 6 = 5
173 4 .4 0 = 28 865 4=5
174 7 = 05 0 .278 810 4 .1
175 9=8 0.275 680 4 .o
176 12.25 0 .270 605 4 .1
177 15 = 15 0.267 550 . ... 4 .5
178 18.2 0 = 261 520 4 .8
179 21.3 0.254 465 4 .8
212 0.573 0 .289 1775 5 = 5
213 0.845 0 .289 1420 4 .8
214 1.14 0 = 289 1265 4 .6
215 1.43 0.289... 1260 4 .2
P re s su re  
Drop, In . Hg
3 .8  
3-7 
3*7 
6 = 9 








7 = 3 
5=7 
5=7
5 = 9 
6.0
7 = 3 














6 .0  
5=7 
5=7 




7 = 3 
6 .7
6.1
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Holdup and P r e s s u r e  Drop D ata
(C o n tin u ed )
A ir  R ate  W ater R ate
Run Wo. CFM CFM
A ir-W ater Runs (C ontinued)
216 1.73 0.289
217 2.31 0.289
252 23 .8 0 .251
253 26 .8 0.247
254 3 1 .2 0.238











119 6 .63 O.58
156 0.37 O.58
166 4 .2 0.57
167 6 .45 0.57
168 8 .95 0.565
169 11.3 O.56
170 13 .8 0.555
171 16.3 0.55
172 ■ 18.8 0.543
206 0.56 0 .58
207 0 .80 0 .58
208 1.07 0 .58
209 1.36 0 .58
210 •1.65 0 .58
211 2 .21 0 .58
263 21.5 0.541
264 23 .8 0.537-
265 2 6 .9 0.528
G = 150
4o 0.355 0.87
4 i 0 .720 0.87
42 1.46 0 .87
43 2.16 O.87
44 2 .83 0.87
62 0.54 0.87
H oldup P r e s s u r e  P r e s s u r e
cc Gage, p s ig  D rop, I n .  Hg
1090 4 .2  6 .1
1090 4 .0  5 .8
430 5.4  6 .0
390 5-8  6 .3
375 6 .2  6 .6
3^30 1 0 .2  17.75
3320 1 0 .0  17 .2
3115 9-5 16 .0
2950 9 .0  15 .2
2795 8 .6  1 4 .2
2615 8 .1  1 3 .4
1230 6 .8  8 .5
1090. 6 .0  8 .6
1035 6 .0  8 .6
950 6 . 0 8 .6
905 6 .5  8 .8
2510 8 .0  12 .8
1095 6 .0  8 .8
9^0 6 .5  9 .3
835 6 .5  9 .3
770 7 .0  9 .7
700 7 .2  9 .9
660 8 .0  1 0 .4
630 8 .5  10.6
2225 7 .2  11.25
1870 6 .6  10 .1
1660 6 .4  9 .5
1560 6 .0  8 .9
l 44o 5 .7  8 .5
1275 ' 5 o5 8 .6
550 9 .0  11 .0
530' 9-5  11 .3
505 10 .5  11.5
2730 9 .0  14 .5
2300 8 .1  12 .5
1725 7>3 10.7
1510 7«5 10 .2
13^0 7 .2  10 .2
2^50 8 .5  13.3
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6 o
H oldup and  P r e s s u r e  Drop D ata
(C o n tin u ed )
A ir  R a te  W ater R a te
Run Ho. CFM CFM










107 3A 7 0.87




















H oldup P r e s s u r e  P r e s s u r e
cc  Gage, p s ig  D rop, I n .  Hg
1905 7-5 11.5
1605 7 .3  10.3
3^50 10.4 18 .1
3390 10 .4  17.7
3240 10 .1  17.0
3110 9- 9  16.3
2950 9.5 15-6
284o 9 .2  i 4„9
l 48o 7 .5  10.5
1330 7-7 10.6
1170 8 .1  10.8
1100 8 .0  11 .4
1095 8 .5  11.6
2730 9 .0  i 4.4
1165 8 .0  11.2
104o 8.5  12.1
950 9 .2  12.4
870 10.0 13.0
820 10.8  13.9
760 11.5 i 4.4
690 12.5 15.3
2483 8 .3  13.0
2230 8 .0  12.2
2050 7 .7  11.5
l 84o 7 .5  i i „ 8
1710 7.3  10.7
1500 7 .0  10.3
680 13.0  15.8
625 13.5 16.5
580 i 4„5 17 .7
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H oldup and P r e s s u r e  Drop D a ta
(C o n tin u e d )
A ir  R a te  L iq u id  R ate
Run Ho. CFM CFM





374 0.210 0 . 024i
375 0.325 0 . 024o
376 0.413 0.0237
377 0.735 0.0234
378 1 .1 9 0 .0229
379 1.65 0.0223
380 1 .9 8 0.0218
381 2.25 0.0210
382 3 .5 0.0202
383 5 .98 0 .0171
384 10 .4 0 .0124
402 13.5 O.OO65
4o3 16 .4 0.004
4o4 18 .0 0.003
G = 10
357 0.0099 0 .o 485
358 o .o 44 0 .o 485
359 0.132 0.0485
360 0.205 0.0483
361 0.315 o .o 482
362 0.405 o .o 48i
363 0.725 0.0479
364 1.175 0,0473
365 1 .64 o .o 468
3 66 1.96 o .o 463
367 2 .24 o .o 46o
368 3.46 o .o 445
369 5.85 o .o 4 i7
370 10 .1 0.037
395 1 0 .1 0 .037
396 13.5 0.0333
397 16 .4 0.0297
398 19.3 0.026
399 23 .5 0.0213
4oo 26.6 0.0175
4o i 33 .0 0 .0087
H oldup P r e s s u r e  P re s s u r e
cc Gage, p s ig  D rop, I n .  Hg
3380 1 1 .4  20 ,1
2$70 10o0 17,4
2120 7 ,3  11.1
1685 5 .8  8 ,8
1350 4 .8  7 .1
1305 4„3 6 .1
1075 3*5 4 .7
910 3 .1  3 .8
875 2 .9  3 ,6
800 2 .8  3 ,6
775 2 .9  3 .4
730 3 .0  3 .6
585 2 .6  3 .3
415 2 .2  2 .3
325 2 .3  2 ,0
220 2 .0  1 .5
180 2 .0  1 .1
3^00 1 1 ,4  2 0 .9
3000 1 0 .0  17 .8
2235 7 .8  12.6
1925 6 .5  11 .0
15^0 5 ,4  7 ,75
1470 4 ,8  7 .2 5
1090 ' 3-7  5 ,0
970 3 .3  4 .3
850 3 ,0  4 ,o
890 3 .0  3 .9
870 3 .0  3 .8
780 3 .2  4 .2
645 3 -0  3 .75
470 2 .4  2 ,9
^85 2 .6  3 .0
380 2 .4  2 .4
295 2 .1  2 .1
24o 2 .5  2 .1
200 2 .4  1 ,8
165 2 .4  1 .9
130 2 .9  1 .9
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Holdup and P re s s u r e  Drop D ata
(C o n tin u e d )
A ir  R a te  L iq u id  R a te  H oldup P r e s s u r e  P r e s s u r e
Run No. CFM CFM cc  Gage, p s ig  D rop, I n .  Hg
A ir-Sodium  C arbonate S o lu tio n  Runs (C ontinued)
G = 25
3^3 0.0096 0.122 3^25 11.5 21.5
344 0.0435 0.122 3120 10.5 18.5
345 0.130 0.122 2550 8 .9 14.7
3 46 0.201 0.122 2200 7 .6 12.6
3^7 0.305 0.122 1905 6 .6 10. 4
3^8 0 .3 9 0.122 17^5 6 . l 9 .2
3^9 0 .6 9 0.122 1370 5 .0 6 .9
350 1.15 0.122 1200 4 .1 5.6
351 1 .6 0 0.122 1025 3 .8 5.3
352 1 .94 0.122 990 3 .6 5 .0
353 2 .18 0.120 925 3 .7 ^ 85
354 3 .^5 0.116 770 .3 .5 5-4
355 5 .8 0.113 750 3 .5 4 .8
356 9-95 0.109 560 3 .2 4 .1
391 12 .8 0.107 ^90 3 .1 3 .9
392 15.6 0.103 4io 3 .4 3 .6
393 18.7 0.099 350 3 .5 3 .9
394 22.6 0.09^1 310 3 .4 3 .6
4 i 7 25.6 0.0925 265 4 .9 3 .8
4i 8 31 .0 O.O865 215 b .3 4 .1
G = 50
329 0.00S6 0.243 3450 11 .7 20.7
330 0.043 0 . 2^3 3225 11 .0 19 .2
331 0.124 0.243 2800 9.6 16.7
332 0.195 0.2^3 2500 8 .7 15.O
333 0.296 0.2^3 2210 7 .7 12.5
334 O.38 0 . 2^3 2080 7 .1 11.5
335 0.673 0.2^3 1680 6 .1 9 .0
336 1 .07 0.243 1330 5-2 7 .3
337 1 .52 0.2^3 1155 4 .8 7 .2
338 1.86 0.243 1055 4 .6 6 .6
339 2 .12 0 . 2^3 i o 4o 4 .5 6 .5
3]+0 3 .36 0.237 975 4 .4 6 .9
3^1 5.6 0.234 765 4 .5 6 .8
3^2 9 ^ 3 0.231 690 4 .5 5 .8
389 l 4„7 0.225 515 5 .0 5 .9
390 21 .0 0.213 44o 5 .3 6 .2
415 25 .4 0 .21 380 5-7 6 .6
4 i 6 28 .9 0.204 320 6 .6 6 .9
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H oldup and P r e s s u r e  Drop D ata































315 0 .0 0 9 6 0.485
316 0.043 0.485
317 0.122 0.485
318 O .I85 0.485
319 0 .2 8 0 0.485
320 0.357 0.485
321 0.66 0.485
322 1 .0 5 0.485
323 1.46 0.485
324 1.76 0.485
325 1 -99 0.485
326 2 .1 5 0 ,4 7 7
327 5 .3 0 0 .4 7 2
328 8 .9 0 .4 7 0
387 1 3 .5 0.466
388 1 9 .2 0 .4 5 8
4i3 2 2 .5 0 .4 5 2









307 0 .6 1 0
308 0 ,9 9 4
309 1.39
310 1 ,6 6
311 1 .9 0
312 2 .0 6
313 4 .9 5
314 8 .1
385 12.8
386 1 7 .1
4 i i 2 0 .3
4i2 2 3 .2




































0 .7 3 3460 12.2 2 1 .3 5
0 ,7 3 3410 1 2 .0 2 0 .9
0 ,7 3 3300 11.9 1 9 ,9
0.73 3075 11.3 1 8 .9
0.73 2960 1 1 .0 1 8 .2
0.73 2790 10.5 17*4
0.73 2700 1 0 .2 1 6 .7
0,73 234o 9-2 l4„75
0.73 2025 8 .5 1 3 .1
0.73 1735 8 .0 1 2 ,0
0 .7 3 1610 7 .8 1 1 .6 5
0.73 1510 7*7 11.4
0 .7 2 1505 7*5 1 1 .3
0.717 1070 8 ,2 1 2 .1
0.714 925 9*2 13,1
0.711 7 65 9*6 l 4 . i
0.695 625 11,5 14.6
0 .6 9 5 605 1 2 .5 1 5 .2
0 .6 9 0 530 13*5 15*6
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H oldup and P r e s s u r e  Drop D ata
(C o n tin u e d )
A ir  R ate  V a r s o l  R a te  H oldup P r e s s u r e  P r e s s u r e
^  N o. CPM c c  G age, p s i g  D rop , I n .  Hg









































5270 7 .9  13.0
2780 6.6 10.8
l 84o 4 .4  6 .7
1^50 3-6 5 .1
1170 3 .0  3 .9
S70 2.6 3 .2
935 2.3 2.6
810 2 .2  2.5
910 2 .4  2.6
825 2.3 2.6
84o 2 .3  2.7
720 2 .3  2.6
515 2 .0  2 .0
280 1.6 1 .1
i 4o 1.5 0.7
130 1.5 0.7
3260 7 .9  13.2
2900 6 .9  11.3
2020 5 .0  7.7
1550 4 ,1  6 .1
1310 3 .3  4.6
1180 3 .0  4.1
1020 2 .3  3 .0
920 2.5 2 .8
950 2 .5  2 .9
930 2.5 3-1
910 2.6 3 .2
770 2.5 2.8
580 2 .1  2.3
380 2 .0  1.7
230 1 .9  1.4
160 2 .1  1.3
100 2 .2  1.3
50 2.3 1.3
3^25 8 .0  13.5
3150 7 .5  12.4
2485 6 .1  9 .9
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6 5
H oldup and P r e s s u r e  Drop D ata
( C o n tin u ed
A ir  R ate  V a r s o l  R a te  H oldup P r e s s u r e  P r e s s u r e
^un CFM  CFM c c  G age, p s i g  D rop , I n .  Hg


























5^3 2 .21  0.368
















1730 4 6 .5
1550 -4.1 6 .1
1170 3.3 4 . if
1020 2.7 3 . 7
910 2.7 3.5
9S0 2.7 3.7
880 2 .8  3 .8
855 2 .8  3 .8
630 ' 2 .7  3 .0
450 2.5 2.7
360 2.6 2.7
320 2 .9  2 .8
220 3 .2  2 .9
160 4 .0  3 .1
3280 7 .9  13.1
2820 7 .0  11.4
2^90 6 .5  10.2
2110 5.6 8.8
I960 5.3 8 .0
1510 4 .3  6 .3
1230 3-7 5-2
n 4o 3.6 4.7
1050 3 .5  4.6
1010 3 .5  4.7
860 3 . 3  4.6
690 3 .3  4.5
530 3.5 4.3
44o 4 .0  4 .4
380 4 .2  4.7
310 5 .0  5.0
290 6 .1  5.3
3070 8 .0  12.6
2870 7 .5  12.0
2610 7 .0  11.0
2470 6 .7  10.3
2220 6 .5  9.0
1740 5.5 7.7
1520 5 .1  7 .2
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6 6
H oldup and P r e s s u r e  Drop D a ta
(C o n tin u ed )
A ir  R a te  V a rs o l R ate  H oldup P r e s s u r e  P r e s s u re
Run Ho. CFM CFM cc Gage, p s ig  D rop, I n .  Hg
A ir -V a r s o l  Runs (C o n tin u ed )
507 1 .82 0.737 1385 5 .0 6 .8
508 2 .1 0 0.737 1310 5 .0 6 .8
509 2 .2 1 0.732 1260 i+.9 6 .5
510 5 .^7 0.725 830 5 .3 6 .8
511 8 .1 0 .719 670 6 .3 7 .1
512 12 .5 0.703 590 6 .8 7 .9
513 1 6 .2 0.695 510 7 .6 8 .3
514 2 1 .1 0 .6 9 46o 8 .6 8 .7
515 2 7 .0 0 .675 390 10 .0 9.6
G = 150
554 0 .129 l . l l 30^5 8 .3 13 .1
555 0 .20 1 .1 1 2960 7 -9 1 2 .9
556 0.296 1 .11 2790 7 .8 12.2
557 O.38 l . l l 2665 7 .6 1 2 .0
558 0.657 l . l l 2290 7 .1 10.5
559 O.98 1 .11 1990 6 .9 9-5
560 1 .^3 l . l l 1740 6 .7 8 .8
561 1 .6 9 l . l l 1660 6 .7 8 .6
562 1.96 l . l l 1580 6 .6 8 .4
563 3 .06 l . l 1300 6 .8 8 .1
5 64 5 .98 1 .1 930 8 .0 9 .1
565 8 .91 1 .09 750 9.5 10 .1
566 13 .3 1 .08 620 10.5 10 .8
a
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'1
H oldup and P r e s s u r e  Drop D ata
(C o n tin u ed )
A ir  R ate  O i l  R ate  H oldup P r e s s u r e  P r e s s u r e
Run No. CFM CFM cc  G age, p s i g  D rop , I n .  Hg
A ir-O il Blend No. 1 Runs
G = 5
785 0.0107 0.035 3330 8.1 13.8
786 0.0493 0.035 2750 7 .0 11.2
787 0, l 43 0.035 1970 k.s 7-4
788 0*225 0.035 1630 4.0 5.9
789 0.358 0.035 l 420 3-5 4.8
790 0.427 0.034 1370 3.4 4.5
791 0.76 0.0335 1.190 2 .9 3.8
792 l . l 4 0.0328 1060 2.5 3.1
793 1.68 0.032 910 2.4 2.9
794 2.3 0.0312 880 2.3 2 .9
795 3.6 0.029 74o 2 .0 2.7
796 7.55 0.0227 530 2 .0 2,1
797 11.75 0,0154 330 2 .0 1.4
798 l 4 .8 0.0105 260 2.0 .1.4
799 18.2 0.0049 180 2 .0 1.2
800 20.0 0.0021 110 1 .9 1.0
G = 10
766 0.0106 0.070 3360 8.3 14.0
767 0.048 0.070 2910 7.3 12.0
768 0 .i4o 0.070 2140 5.5 8.5
769 0.22 0.070 1810 4.6 6 .9
770 0.334 0.070 1570 3-9 5-5
771 0.425 0.069 1340 3.7 5.1
772 0.75 0.0685 1240 3.2 4.2
773 i . i 4 0.068 1100 2.7 3.75
774 1.67 0.067 980 2.6 3.2
775 2.27 0.0662 870 2.6 3.2
776 3-57 0,064 710 2.5 3.1
777 7.4 0,0575 600 2.4 2.7
778 13.4 0,048 4l 0 2 .0 2.0
779 19=7 0.037 280 2.3 2.0
780 26.7 0,0238 170 2.5 2,1
781 34.9 0.0094 80 3 .0 2.3
G = 25
715 o .o49 0.175 3i4o 7 .9 13.2
716 0.137 0.175 2620 6 .7 10.8
717 0.216 0.175 2290 5.8 9-3
718 0.327 0.175 2010 5.0 7-9
719 ■0.417 0.175 1820 4.8 7 .2
i
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6 8
H oldup and P r e s s u r e  Drop D ata
(C o n tin u e d )
A ir  R ate  O i l  R a te  H oldup P r e s s u r e  P r e s s u r e
Run Ho. CFM CFM c c  G age, p s i g  D rop , I n . Hg
A ir-O il Blend Mo. 1 Runs (Continued)
720 0.737 O.175 1530 4 .o 5-9
721 1.12 O.175 13^0 3-5 5-0
722 1.65 0.175 1135 3-2 it. 5
723 2.24 0.175 1090 3.2 4.2
724 3°5 0.170 960 3-2 4 .0
725 7.33 0.162 670 2 .9 i3-7
726 12.8 O.155 525 3.2 3-5
727 18.8 0„ l42 44o 3.5 3.5
728 25.2 0.130 330 3 .9 3.6
729 33.O 0. lilt- 270 4.5 4 .1
G = 50
732 0.0V73 O.35 3250 8.4 13-7
733 0.133 0.35 29*1-0 7.5 12.4
734 0.207 0.35 2700 7 .0 11.8
735 0.308 0.35 2390 6.5 10.0
736 0.395 O.35 2260 6 .0 9.3
737 0.708 O.35 I83O 5.0 7.5
738 1.07 O.35 1570 4.5 6 .4
739 1.59 0.35 1390 4 .0 5.9
7^0 2.17 0.35 1170 4 .o 5.5
74i 3-4i 0.344 9*10 3 .8 5.3
7^2 7.04 O.338 750 4 .0 5.4
7^3 12.2 0.328 5*1-0 4.5 5-7
17.9 0.317 44o 5 .0 5.9
7^5 23.7 0.305 380 5.5 5.8
746 30.6 0.289 350 6 .5 6 .2
G = 100
700 0 .0466 0.70 3200 8 .9 14.6
701 O.129 0.70 3050 8.5 13.7
702 0.199 0.70 2945 8 .1 13.1
703 0.297 0.70 2715 7-7 12.1
704 0.377 0.70 2580 7 .5  ' 11.6
705 O.67 0.70 2220 6 .8 10.3
706 1 .0 0.70 .1920 6 .3 9.0
707 1.49 0.70 16 4o • 5 .9 8.4
708 2.04 0.70 l 4io 5.7 7 .8
709 3-17 0.692 l l 4o 5.7 7.6
710 6 .4 0.686 890 6 .5 8.6
711 10.9 0.67 690 7 .5 9-4
712 15.7 0.66 600 8.5 9.6
713 20.3 0.655 510 9.7 10.1
714 26.3 0.64 465 10.7 10,6
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H oldup and P r e s s u r e  Drop D a ta
(C o n tin u e d )
A ir  R a te  O i l  R ate
Run No. CFM CFM




752 0 .29 1 .05
753 0.366 1.05
754 0 .64 1.05
755 1.03 1.05
756 l . 4i 1 .05
757 • 1 .92 1.05
758 2.96 1.045
759 5 = 87 1.035
760 9=85 1.025
761 13.7 1 .02
762 18 .2 1.005
H oldup P r e s s u r e  P r e s s u r e
cc G age, p s ig  D rop, I n .  Hg
3150 9 .1  l4 „3
3080 808 i 4 .o
2930 806  13 .5
2860 8 .5  13 .2
2510 800 1 2 .1
2230 7 .6  1 1 .0
i960  7*5 10 .4
17^0 7.3 9=9
1360 7 .6  9 .7
970 8 .8  1 0 .8
790  10 .6  12 .7
660 12 .5  13 .4
590 13=5 l 4 .7
1
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7 0
Holdup and P r e s s u r e  Drop D ata
(C o n tin u e d )
A ir R ate O il R ate Holdup P re s su re  
Run No. CFM CFM cc Gage, p s ig
A ir -O il  B lend No. 2 Runs
G = 25
9^2 0.0^75 0.167 3160 8 .4
9^3 ; 0 .135 0.167 2780 7 .0
9 ^ 0.209 0 .167 2570 6 .5
945 0 . 3 i 4 0.167 2300 5 .8
946 o .4o i 0 .167 2170 5 .5
9^7 0.713 0.167 1900 4 .8
948 1 .15 0.167 1630 4 .3
9J+9 1 .60 0.167 1450 3*9
950 2 .1 9 0.167 1280 3 .8
951 3 .43 0 .161 1100 3 .7
952 7 .0 0.156 930 4 .0
953 12.3 0 .1^5 790 4 .4
954 18 .1 0 .135 600 4 .8
955 2 4 .4 0.124 490 5 .0
956 31 .3 0 .109 360 6 .1
G = 50
927 0 . 0^7 0.333 3270 8 .9
928 0 .130 0.333 3000 8 .1
929 0 .204 0.333 2800 7-5
930 0.306 0.333 2570 6 .9
931 O.387 0.333 2430 6 .7
932 0.685 0.333 2l4o 6 .0
933 1.105 0.333 1810 5.5
934 1 .55 0.333 1630 5 .0
935 2 .1 0.333 i 44o 5 .0
936 3 .2 8 0.327 1230 5 .0
937 6 .6 8 0.321 930 5 .3
938 11.25 0.312 84o 6 .5
939 16.6 0.302 730 7 .5
94 0 22.6 0 .2 9 680 7 .5
9^1 2 8 . 4- 0.276 620 9 .0
G - 100
912 o .o 46 0.663 3340 9.5
913 0.125 0.663 3180 9*3
914 0 .194 0.663 3o4o 9 .0
915 0 .291 0.663 2870 8 .5
916 0.367 0.663 ’ 274o 8 .4
917 0 .65 0.663 2450 7 .9
918 i . o 4 0.663 2230 7 .5
P re s su re  
Drop, In . Hg
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Holdup and P re s s u r e  Prop  D a ta
(C o n tin u ed )
A ir  R ate O i l  R ate  Holdup P r e s s u r e  P re s s u re
Run No. CFM CFM ce Gage, p s ig  D rop, I n .  Hg
A ir -O il  B lend Ho. 2 Runs (C ontinued)
919 1 .^5 0.663 1990 7 .2 11.0
920 1-95 0.663 1660 7 .2 10.6
921 3-05 0.656 1330 7 .2 10 .8
922 6 = 15 0.651 1060 8 .1 12 .1
923 10.5 0 .6^1 890 9 .5 1^ .2
92^ ib .Q 0,630 690 11 .0 15 .0
925 1 9 . b 0 .619 6ito 12 .0 15.6
926 25.7 0.605 650 13.5 16.8
G = 150
900 0.123 0.995 3270 1 0 .1 16.7
901 0.188 0.995 3190 10 .0 16 .4
902 0 .28 0,995 3020 9 .8 15-9
903 0.355 0.995 2970 9.6 15-5
90^ ' 0 .62 0.995 2690 9 .3 l b . 6
905 0 .9 9 0.995 2^70 9 .1 1^ .0
906 1.36 0.995 2190 8 .9 13.5
907 1.86 0.995 1970 8 .9 13.3
908 2 .82 0 .9 9 1650 9.5 13-3
909 5.6 0.985 1210 10 .7 15 .0
910 9 .1 0.975 10^0 13 .5 . 17.3
911 13.5 0.965 890 i h . o 18. ^
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H oldup and P r e s s u r e  Drop D ata
(C o n tin u ed )
A ir  R a te  L iq u id  R ate  H oldup P r e s s u r e  P r e s s u r e
Run Ho. CFM CFM ce Gage, p s ig  D rop, I n .  Hg
A i r - T r ic h lo r o e th y le n e  Runs
li = Pf O
1013 0.125 0.153 2470 10.0 17.910l 4 0.197 0.153 2020 8.7 14.5
1015 0.30 0.153 1720 7.2 11.5
1016 0.39 0.153 1540 6.7 10.4
1017 0.705 0.153 1180 5.3 7 .9
1018 1.13 0.153 1100 4.8 6.5
1019 1.57 0.153 930 4.8 6 .8
1020 2.12 0.153 850 4.8 6.7
1021 3 .3^ 0.147 750 4.5 6 .2
1022 6.95 0.142 54o 4 .o 5.1
1023 12.8 0.133 380 3.5 4 .o
1024 18.4 0.125 260 4 .o 3.8
G = 150
1000 0.11b 0 .6 l 3150 13.4 23.3
1001 0.178 0.61 2900 12.6 21.3
1002 0.271 0.61 2610 11.5 19.5
1003 0 . 3^ +9 0.61 2430 10.8 18.6
1004 0.619 0 .6 l 2000 9-5 15-3
1005 1.02 0 .6 l 1600 8.3 12.8
1006 1.42 0 .6 l 1430 8.0 11.9
1007 1.92 0.61 1240 7.8 11.5
1008 3.05 0.605 1010 7.5 11.2
1009 5.95 0.60 770 8.5 11.5
1010 10.3 0.595 570 9.5 11.7
1011 14.5 0.590 470 10.7 11.9
1012 19.O O.585 450 12.0 12.6
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APPENDIX B
H oldup and P r e s s u r e  Drop R e p r o d u c ib i l i ty  D ata
R™ N°° y i  Hi AP, In . Hg.
A ir-W ater Runs 
G = 25
248 0.378 0.58 9.95
251 0.378 0.585 9.85
256 0.378 0.59 9.95
259 0.378 0.592 9.85
262 0.378 0.58 9.85.
2^9 0.053 0.265 4.65
255 0.053 0.248 it. 35
258 0.053 0.261 it.35
260 0.053 0.248 4.0
266 0.053 0.265 4.35
245 0.0042 0.0785 3.7
250 0.0042 0.0826 3.8
257 0.0042 0.0775 3.65
261 0.0042 0.087 3.65
268 0.0042 0.0785 3 .55
A ir-W ater Runs 
G = 50
269 0.378 0.51 8.8
275 0.378 0.495 8.6
281 0.378 0.51 8.6
288 0.378 0.511 8.8
296 0.378 0.499 • 8.5
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7U
H oldup and P r e s s u r e  Drop R e p r o d u c ib i l i ty  D a ta
(C o n tin u e d )
Bun No- yL Bl  AP, In . Hg.
A ir-V a rso l Runs 
G = 25
588 0.378 0.511 6 .95
591 0.378 0.532 7-1
610 0.378 0.528 7 .2
613 0.378 0.539 7 -1
616 0.378 O.518 7 .0
A ir -O il B lend No. 1 Runs
G = 25
805 0.378 O.58 7 .9
808 0.378 O.56 ' 7 .8
811 0 .378 O.565 7 .7
81^ 0 .378 O.565 7 -9
817 0.378 0.558 7 .8
A ir -O il B lend No. 2 Runs
G = 25
957 O.363 0.73 10.05
958 0.363 0.725 10 .2
959 O.363 0.73^ 10.05
960 O.363 0.729 10.05
961 O.363 0.711 10.05
A ir -T r ic M o ro e th y le n e  Runs
G = 37 .5
1025 0.378 0.53 19 .0
1026 0.378 0.525 18 .0
1027 0.378 0.525 18 .0
1028 0.378 0.521 18 .0
1029 0.378 0.515 18.2
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APPENDIX C
Summary o f  C a lc u la te d  V alues
P re s su re  Drop 
S lip  V e lo c ity  Eb/Sq. F t P e r
Holdup F t/S e c . F t  o f  P ipe
Hun No. x Rl Vs APt p / l
A ir-W ater Runs
G = 5
135 0.054 0.23 10.6 13.O
136 0.059 0.209 l 4.4 12.5
137 0.028 0-179 17.7 11.0
138 0.0225 0.168 21.2 10.5
139 0.018 0 . l 46 24.6 9.5
i 4o 86.5 O.985 0.42 ■ 5.0
i 4i s .7x' * I 0.90 0.45 19.5
i 42 2.63 0.82 O.63 27.2
1^3 1.22 O.69 0.87 27.2
i 44 0.76 0.60 1.15 26.0
1^5 0.54 0.515 I.36 22.3
1 46 0.43 0.468 1.66 19.2
ik 'j 0.42 0.46 1.67 21.0
i 48 0.31 0.377 1.94 16.0
1^9 0.22 0.301 2.67 12.5
150 0 . l 4 0.251 4.1 10.2
151 0.097 O.232 5.82 10.2
152 0.08 0-234 6.83 11.2
153 0.05 0.23 7.8 12.0
19^ 0.034 0.190 15.9 10.7
195 0.019 0 . 1^7 24.0 10.0
196 0.0118 0.104 31.9 7.0
197 0.0068 0.065 48.1 5.2
198 0.0056 0.0^05 56.0 3-7
G = 10
54 0.367 0.312 2.0 12.0
55 0.273 0.297 2.9 10.5
56 0.19 0.255 3.95 10.0
57 o . l 47 0.249 5.6 10.2
58 0.119 0.234 6.7 10.5
59 0.101 0.231 8.7 11.5
60 0.08 0.224 11.4 13-7
75
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Summary o f  C a lc u la te d  V alues
(C o n tin u e d )
P re s su re  Drop 
S l ip  V e lo c ity  Lb/Sq F t P er
Holdup F t/S e c .
Run No. X Rl vs APt p / l
A ir-W ater Runs (C ontinued)
61 0.065 0.227 14.7 13.7
78 119.0 0.985 0.33 3.0
79 14.5 0.941 o .4o 6.2
8o 5-8 0.889 0.61 16.0
81 3.6 0.843 0.64 18.7
82 1.7 0.737 0.93 23.0
83 1.05 0.633 1.15 22.2
84 0.77 0.57 1.43 20.5
85 0.62 0.49 1.54 19.0
187 0.053 0.205 15.9 10.0
188 0.033 0.16 23.6 8.2
189 0.0227 0.118 32.1 6.7
190 0.0163 0,090 4o .3 5-0
191 0.0124 0.067 4 6 .7 ' 4.5
192 0.009 0.048 56.7 4.0
193 0.0064 0.039 66.4 4.5
224 Q.4i 5 0.415 1.6 15.5
225 0.352 0.352 2.15 17-5
226 0.289 0.289 3.0 10.7
227 0.266 0.266 3-95 10.7
228 0.232 O.232 4.8 10.5
229 0.235 0,235 5.8 10.7
230 0.232 O.232 7.4 10.0
278 0.0048 0.035 74.6 4.0
279 0.0031 0.028 85.1 4,0
280 0.0016 0,020 99-4 4.0
G = 25
33 0 . 4i 8 0.349 - 2.36 10.2
34 O.225 0.266 4.8 10.5
35 0.16 0.277 8.66 13.0
36 0.125 0.255 10.7 15-5
37 0.103 0 .24-1 13.4 15.2
86 12.1 0.985 0.57 2.2
87 5-5 0.938 0.45 4.2
88 2.6 0.878 0.6 7-5
89 2.6 0.78 0.81 12.2
90 1.62 0.692 1.07 14,7
91 1.18 0.605 1.18 15.0
92 0.95 0.555 1.38 14,2
158 0.74 0.532 1.65 15.0
180 0.087 0.232 14.75 15-5
181 0.059 0.204 23.7 14.2 ■
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Summary o f  C a lc u la te d  V alues















































S lip  V e lo c ity  






6 5 .5  
1.85
P re s su re  Drop 
Lb/Sq F t P er 









































63 = 3 19.2
1.6 10.0
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Summary o f  C a lc u la te d  V alues
(C o n tin u ed )
S lip  V e lo c ity
P re ssu re  Drop 




F t o f  P ipe 
APijp/l
A ir-W ater Rims (C ontinued)
215 0.59 0 .4i 2.0 9.7
2l 4 0.445 0.56 2.7 10.7
215 0.56 0.56 4 „o 11.0
216 O.505 0.511 4.4 12.5
217 0.25 0.511 6.7 15.5
252 0.025 0.126 70.5 20.5
255 0.0211 0.115 78.5 21.7
254 0.0185 0.110 91-5 22.7
G = 100
95 56.5 0.964 1.0
9k 16.8 0.955 O.25 2.5
95 7-05 0.878 0.55 5.2
96 4.15 0.851 0.96 5.7
97 5.2 0.788 1.24 6.2
98 2 .4 0.758 1.26 7.0
115 0.576 0 .55 6.5 18.5
116 0.278 0.511 9.6 21.7
117 0.228 0.296 12.9 25.2
118 0.19 0.272 15.5 24.5
- 119 ■ 0.166 0.259 18.6 26.0
156 2.2 0.71 1.28 7.5
166 0.248 0.512 11.9 22.5
167 0.172 0.269 18.6 26.7
168 0.125 0,24 26.2 29.0
169 0.10 0.221 55.2 50.7
170 O.O85 0.202 4o .6 52.5
171 0.070 0.19 48.0 54.7
172 0.060 0.182 55.7 55-7
206 1.56 0.65 1.7 7.5
207 1.12 0.55 1.7 9.2
208 0.86 0.47 2.2 11.5
209 0.70 0.445 5,2 12.7
'210 0.60 0 . 4i 5 .9 15.7
211 0.455 0.565 5.2 17.2
265 0.054 0.16 61.8 57.2
264 0.048 0.154 68.5 58.2
265 0.042 0.147 77.8 59.0
G = 150
4o 5.4 0.77 1.15 6 .7
h i 1.78 0.65 2.5 9.7
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Summary o f  C a lc u la te d  V alues
(C on tinued )
S lip  V e lo c ity  
Holdup F t /S e c .
Run Wo. x Vg
A ir-W ater Runs (C ontinued)
42 0.92 0.489 3.0
43 O.65 0.43 it. 9
44 0.51 0.381 6-35
62 2.3 0.692 1.4
63 1.22 0.565 2.85
64 0.77 0.455 it-. 0
72 82.5 0 .S72 -
73 21.0 0.955 0.4
74 10.2 0.913 0.55
75 6 .b 0.876 1.0
76 4.75 0.832 1.0
77 3.75 0.80 1.2
106 0.57 0.42 6.6
107 0.43 0.378 9-1
108 0.35 0.333 10.6
109 0.29 0.31^ 13.9
110 0.26 0.31 17-1
155 4.0 0.77 1.2
159 0.38 0.332 9.0
160 0.255 0.297 15.9
161 O.192 0.272 22.4
162 0.163 0.249 28.4
163 0.132 0.235 34.3
16^ 0.111 0.218 4o. 9
165 0.098 0.199 45.9
200 2.32 0.702 1.45
201 1.67 0.63 1.85
202 1.29 0.58 2.63
203 1.05 0.521 2.9
204 0.89 0.485 3.36
205 " 0.665 0.425 4.3
272 0.087 0.196 53-3
273 0.078 0.181 58.9
274 0.068 0.168 67.1
P re s su re  Drop 
Lb/Sq. F t Per 












6 .0  
6.2
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Summary o f  C a lc u la te d  V alues
(C o n tin u ed )
P re s su re  Drop 
S l ip  V e lo c ity  Lb/Sq F t  P er 
Holdup F t/S e c . F t  o f  P ipe
Run Ho. x r L Vs______  £PTP/L
A ir-Sodium  C arbonate S o lu tio n  Runs
G = 5
371 12 .1 O.958 O.56 17.7
372 3 .1 0.844 0 .70 35 .0
373 1 .1 8 0.605 0 .80 27 .2
374 0 .78 0.483 0 .99 23.5
375 0 .53 0 .39 1 .31 2 0 .0
376 0 .42 0.377 1 .68 17.5
377 0.246 0.312 2.76 14 .2
378 0.157 0.266 4 .2 8 12 .0
379 0 . I l 4 0.256 5.93 11.7
380 0.092 0.235 6 .8 5 12 .0
381 0.082 0.228 7 .85 11 .2
382 0 .0 ^ 5 0.215 12 .1 12 .2
383 0.0284 0.175 19.8 11.2
384 0.0128 0.127 3 2 .9 8 .0
402 0.056 0.102 4 i .6 7 .0
403 0.0305 0.073 49 .0 5-2
4o4 0.0215 0.0615 53.2 3-7
G = 10
357 16.5 0.965 0.64 12.0
358 4.3 0.852 0.66 23.7
359 1.63 0.638 0.80 22.2
360 1.09 0.55 1.02 24.5
361 0.7^ 0.443 1.27 17.2
362 0.60 0.423 1.63 17.5
363 0.35 0.317 2.53 12.7
364 O.227 0.283 4.1 12.0
365 0.166 0.249 5 = 5 11.7
366 0.135 0.263 6.8 12.0
367 O.123 0.255 7-9 12.0
368 0.080 0.23 12.0 13.7
369 0.048 0.192 19.4 12.7
370 0.0264 0.143 33-0 10.0
395 0.0264 o . i 47 32.3 10.2
396 0.0184 0.118 4i .7 8.2
397 0.014 0.094 49.4 7*5
398 0.0107 0.0785 57.7 7 = 5
399 0.0076 0.0675 69.1 6.2
4oo O.OO56 0.0575 77-6 6.7
4oi 0.0024 0.0475 95-9 6.7
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Summary o f  C a lc u la te d  Values
(Continued)
S lip  V elocity  
Holdup F t/Sec .
Run Ho. x  Rl  Vs
Air-Sodium Carbonate S o lu tion  Runs (Continued)
G = 25
3^3 25,4 0.97 0.55
344 616 0.885 0.65
3^5 2.44 0.725 0.80
346 1.64 0.628 1.0
3^ 7 1.15 0. 5^5 1.2
348 0.93 0.50 1.53I+9 0-57 0-395 2.3
350 0.35 0.348 3-9
351 0.266 0.301 5.25
352 0.216 0.289 6.2
353 0.201 0.27 7.0
354 0.129 0.227 10.8
355 0.0785 0.221 19.0
356 0.0^7 0.168 31.1
391 0.037 0 . l 48 39-4
392 0.030 0.126 *+6.8
393 0.024 0.109 55-3
394 0.020 0.098 66. b
b i j 0.0166 0,085 73.8
bi8 0.0132 0.071 88.3
G = 50
329 35-2 0.978 0.1
330 9.2 0.915 0.45
331 3.55 0.795 0.7
332 2.38 0.712 0.8
333 1.66 O.63 1.1
33b 1.32 0.60 1.3
335 0.79 0.481 2.1
336 0.52 0.384 3.0
337 0.38 0.335 4.2
338 0.31 0.307 5.0
339 0.284 O.303 6.0
3*1-0 0.189 0.284 10.4
3*U 0.116 0.225 16.7
3*r2 0.070 0.204 28.1
389 0.046 0.155 43.5
390 0.032 0.134 61.9
*+15 0.0266 0.118 73-7
bi6 0.0226 0.101 81.7
P ressure Drop 
Lb/Sq F t Per 
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8 2
Summary o f  C a lc u la te d  V a lu es
(C o n tin u e d )
P re s su re  Drop 
S l ip  V e lo c ity  Lb/Sq F t P e r
Holdup F t/S e c . F t o f  P ip e
Run Ho. x Vg ■_____  APpp/L
A ir-Sodium  C arbonate S o lu tio n  Runs (C ontinued) 
G = 100
316 16.8 0.948 0.9 3-0
517 6 .8 0.86 0.8 5-0
318 4.6 0.801 0.9 5.7
319 3-2 0.73 1.0 ^ .0
320 2.62 0.70 1.4 8.0
321 1.56 0.59 2.2 10.5
322 1.23 0.575 4.5 17.0
323 0.74 o.bj> 3.8 15.2
32^ 0.61 o .bo6 4.6 16.7
325 0.55 0.367 4.8 17.2
326 0.51 0.367 5.7 18.2
327 0.225 0.272 15.O 26.7
328 o . i 4 0.213 24.8 30.0
387 0.092 0.182 38.1 31.0
388 0.068 0.171 56.3 34.7
4i 3 0.055 0.153 64.4 35.0
4i 4 0.049 o . l 44 74.5 39.2
G = 150
300 97.0 0.98 - 1.75
301 23.5 0.966 - 3.0
302 12.3 0.935 1.9 4.0
303 7.5 0.871 0.9 5.5
304 6.85 0.84 1.2 6 .0
305 4.7 0.793 1.1 7-5
306 3 .9 0.767 1-5 8-5
307 2.3 0.666 2.2 11.5
308 1-5 0.579 3-0 14.5
309 l . l 0.497 3.6 16.7
310 0.89 0.462 4.2 18.2
311 0.83 0.435 4.7 19.0
312 0.77 ' 0.433 5-5 20.5
313 0.344 0.311 13.5 33-0
314 0.218 0.27 23.5 4o.O
385 O.l1^ 0.225 37.2 45.5
386 0.108 0.186 48.1 48.5
411 0.091 0.180 58.0 51.O
4l 2 0.079 0.160 64.8 53-0
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8 3
Summary o f  C a lc u la te d  V alues
(C o n tin u e d )
P re s su re  Drop 
S lip  V e lo c ity  Lb/Sq. F t Per
Holdup F t/S e c . F t o f  P ipe
Run Mo. x Rp Vg APpp/L
A ir-V a rso l Runs
G = 5
59^ 9-8 0.941 o .4 8 .2
595 2 .52 0.803 0.55 16 .0
596 0-95 0.485 0.57 i4 .o
597 0.64 0.43 0.88 11 .2
598 0,433 0.35 1 .2 9.2
599 0.368 0.295 1 .4 7-5
600 0 .209 0.285 2 .7 7 .0
601 0.134 0.25 4 .2 7-5
602 0.098 0.278 6 .1 4 8 .2
603 0 .08 0.254 7 .1 1 8 .2
6o4 0.073 0.258 8.35 8 .7
605 o.o46 0.225 12.5 8 .7
606 0.025 0.168 20 .1 6 .7
607 0.0118 0.103 32 .0 3 .7
608 0.005 0.064 44.5 2 .5
609 0.0044 0.061 46.5 2 .5
G = 10
570 13.4 0.94 0.28 4.2
571 3.5 0.84 0.61 ■ 7.0
572 1.31 0.591 0.63 10.7
573 O.89 0.46 0.71 9-5
574 0 .6l 0.392 1.04 7.7
57.5 0.49 0.356 1.32 7-5
576 0.29 0.311 2-5 6.2
577 0.188 0.283 4 .o 7-5
578 o . i 4 0.292 6.0 8.2
579 0.115 . 0.286 7-1 8.2
580 o . io 4 0.28 8.1 9-7
581 0.069 0 . 24l 12.3 9.0
582 0.039 0.188 20.2 7-5
583 0.022 0.132 31-9 5-7
584 0.0143 0.090 43.6 4.7
585 0,0094 0.070 57-4 4-5
586 0.00495 0.052 77-6 4-5
587 0.00155 0.039 103.3 4.5
G = 25
516 20,6 0.985 1.4 1.7
517 5-35 0.907 0.9 5-5
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Summary o f  C a lc u la te d  V alues
(C o n tin u ed )



















Slip Velocity Lb/Sq. Ft Per












5^3 0 .243 0.308
544 0.16 0.266
5^5 o„o99 0,218
5 ^  0.0603 0.174
5^7 0.0435 o . i 48
548 0.0325 0.131




































500 5-55 0.876 0.6
501 3-7 0.795 0.2
502 2.6 0.75 0.7
503 2.1 0.71 0.8
504 1.27 0 .64i 2.1
505 0.83 0.508 1.8
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Summary o f  C a lc u la te d . V alues
(C o n tin u ed )
S lip  V e lo c ity  
Holdup F t/S e c .
Run Ho. x  Rl  .Vg
A ir-V a rso l Runs (C ontinued)
506 0 .61 0.447 3 .1
507 0 .51 o .4 i 3 .5
508 0.475 0 .389 4 .2
509 0.445 0.375 4 .4
510 0.192 0.255 12 .5
311 0.122 0.211 1 9 .0
512 0 .0 9 0.188 32 .5
513 0 .07 0.166 4 2 .4
51^ 0.054 0.153 58.5
515 0 .0^2 0.133 7 2 .5
G = 150
554 8.25 0.878
555 5 .5 0.855 0 .1
556 3 .8 0.807 0 .4
557 3*2 0.772 0 .6
558 1 .91 0.667 0 .9
559 1.28 O.583 1 .2
560 0 .94 0.513 2 .1
561 0 .78 0 .4 9 2 .9
562 0 .71 0 .468 3 .6
563 0.47 0 .3 9 6 .1
564 0.25 0.286 12.5
5 65 0.173 0.235 19.7
566 0.122 0 .199 3 1 .8
P re s su re  Drop 
Lb/Sq F t  P er 









2 6 .0  
28 .0
30 .7
2 .7  
4„5
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Summary o f  C a lc u la te d  V alues
(C o n tin u e d )
Run No, X
Holdup
S l ip  V e lo c ity  
F t/S e c .
v s
P re ssu re  
Lb/Sq F t 
F t o f  P i 
A P t p / L
A ir -O il  B lend No. 1 Runs
G -  5
785 1 3 .2 0 .958 0 . 6 9.5
786 3-37 0.795 0.55 18.2
787 1 .2 9 0.577 0.77 16.0
788 0.87 0.482 1 .0 13.7
789 0.605 0.423 1 .4 12.2
790 0 .48 0,409 1 .8 12.2
791 0.283 0,358 3 .2 9 11.2
792 0.193 0,322 4 .42 9-5
793 0.132 0 .28 6 .5 9-2
794 0.097 0.272 8 .9 9-5
795 0.060 0.255 1 3 .1 9 .0
796 0,025 0.173 2 5 .4 7-2
797 0.0119 0,118 37-1 5-0
798 0.0068 0.098 45 ,5 5-0
799 0.00285 0.0755 54.7 4 .2
800 0.0012 0.056 59-0 3 .5
01—
1II
7 6 6 1 8 .4 0.965 0.6 5 .2
767 4.65 0 ,84 0 . 6 11.7
768 1 .84 0.625 0 .7 12.7
769 1 .2 0 .532 0 .9 11.7
770 0 .84 0.465 1 .3 10.5
771 0.74 o,4oo 1-5 10.7
772 0 ,4 0.373 2 .8 10.5
773 0.277 0.334 4 .2 10.2
777 0.194 0.300 6 ,0 9 ,2
775 0.144 0 .269 8 .0 9-7
776 0,094 0 .224 1 1 .9 10 .0
777 0.045 0.193 24.6 9 .0
778 0.022 0 . i 4o 4 2 .3 ■ 6 .7
779 0.0122 0.103 6 0 .0 7 ,0
780 0.0062 0.073 79*1 . 7 ,5
781 0.0021 0.0475 101.5 8 ,0
G = 25
715 7 .0 0.905 0 .9 6 . 5
716 2 .8 O'. 7 6 0 .9 8 .2
717 I .89 0.667 l . l 9 .7
718 1 .31 0.589 1 .4 9 .7
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Summary o f  C a lc u la te d  V alues
(C o n tin u ed )
Holdup
S lip  V e lo c ity  
F t /S e c .
P re s su re  Drop 
Lb/Sq. F t P er 
F t  o f  P ip e •
Run Ho. X Rl Vfl APipp/L
A ir -O il  B lend No. 1 Runs (C ontinued)
719 1.06 0.535 1 . 6 10 .2
720 0.6b 0A54 2.7 11.7
721 0 .44 0 .4o 4.0 10.5
722 0.31 0.353 5.5 11.0
723 0.23 0.331 7.5 11 .0
724 0.153 0.294 1 2 .1 11.7
725 0.075 0.213 36 .4 12 .0  ;
726 0.0^+55 0.172 4o .5 12 .0  '
727 ‘ 0.0285 0 . l 48 58.6 12 .0
728 0.0201 0.118 7 6 .0 12.5
729 ■ 0.0139 0 .101 99.0 l 4.2
G = 50
732 10 .1 0.93 0.85 2.7
733 4.0 0.84 1.15 6 .5
73^ 2.7 0.775 1.3 9.0
735 1.9 0 .69 1.3 7.7
736 I .5 1 0.653 1.7 8.5
737 0.91 0.533 "2 A 9.5
738 0.62 o .46i 3.4 9.7
739 0A35 0A 11 5.15 11.5
7^0 0.325 0.35 6 .5 12.2
7^1 0.218 0.286 10.0 i 4 .o
742 0.111 0.233 21A 16.7
7^3 O.0715 0.175 36.0 18.7
744 0 .0^5 0 .A 7 52.5 ' 19.2
7^5 O.0335 0.130 70.5 20.0
7 b6 0.0252 0.122 90 A 21.2
G = 100
700 18.6 0.922 _
701 7.6 0.88 0.8
702 5.1 0.85 l A
703 3 .6b 0.785 1.3
704 3.0 0 .7^9 1.5
705 1.73 0.647 2.3
706 1.22 O.563 2 .9
707. 0.85 0A85 4.0
708 0.64 0A 2 5.1
709 0A3 0.345 7..9
710 0.222 0.27b 17:5
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8 8
Summary o f  C a lc u la te d  V alues
(C o n tin u ed )
P re ssu re  Drop 
S l ip  V e lo c ity  Db/Sq. F t Per 
Holdup F t/S e c . F t  o f  P ipe
Run Ho. x Rp Vg APt p /L
A ir-O il B lend Ho. 1 Runs (C ontinued)
712 0.095 0,193 ^5-5 51-7
713 0 .074 0 .168 5 7 .2  3 4 .0
714 0 .057 0.155 75-0  36 .0
G = 150
750 11 .4 0 .909 0.6 > • 5
751 7-5 O.89 1.6 •5.7
752 5-3 0.846 1 .8 7 -0
753 it .35 0.827 2 .4 8 .2
754 2 .61 0 .73 2 .6 10.5
755 1-7 0 .65 3-7 11.7
756 1.25 0.575 4 .1 14 .7
757 0.97 0.513 5 .2 16.7
758 0.645 0.407 6 .7 5 20.7
759 0.332 0.297 13.6 3 0 .2
760 0.202 0 .2  46 2 5 .8 34 .7
7 6 l 0 .155 0 .21 34.5 43 .7
762 0.118 0.193 4 7 .0 4 9 .0
t
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Summary of Calculated Values
(Continued)
S lip  V e lo c ity  
Holdup F t/S e c .
Run Ho. x rl  Vg
A ir -O il  B lend No. 2 Runs
G = 25
9I+2 9-9 0.913 1 .0
9^3 3 .9 0.805 1 .3
91+1+ 2 .6 l 0 . 71+5 1.65
9^5 1.81+ 0.672 1.95
9I+6 1 . 1+8 0.635 2 .3
9J+7 0 .8 9 0.56 3 .7
91+8 0-575 0 . 1+85 5 .2
9^9 0.1+35 0.1+35 6 .9
950 0.33 0.387 8 .7
951 0 .211 0.336 1 3 .1
952 0 .109 0 .289 2 5 .8
953 0 . 062' 0.21+9 1+3 .9
95^ 0.01+15 0.196 60 .6
955 0.0293 0.165 7 9 .2
956 0.0207 0 .129 97.7
G = 50
927 13.5 0.9^3 1-3
928 5.35 0.868 1 .7
929 3 .65 0.813 1 .9
930 2.56 0.7^8 2 .1
931 2 .07 0.708 2 .3
932 1 .22 0.627 3-6
933 0.805 0.535 I+.9
93^ 0.6 0 . 1+85 6 .5
935 0 . 1+6 0 . 1+31 8.15
936 0 .3 0.372 12 .0
937 0.153 0.288 2 2 .9
938 0.092 0.263 39-2
939 0.0635 O.252 56.1+
9I+0 0 . 01+65 O.218 7 6 .8
9I+I 0.0352 0.201 95 .2
G = 100
912 25 .0 0.965 1 .8
913 10.2 0 .92 2 .3
91I+ 6 .9 5 0 .88 2.1+
915 1+.91 0.832 2 .6
916 1+.0 0.795 2 .6
917 2-35 0.715 3 .7
P re s su re  Drop 
Eb/Sq. F t P er 














21 .0  














21 .0  
22 .0  
2 ^ .0




13 .0  
16 .5
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Summary o f  C a lc u la te d  V alues
(C o n tin u e d )
P re s su re  Drop 
S l ip  V e lo c ity  Lb/Sq F t P er
Holdup F t/S e c . F t  o f  P ipe
Run Ho. x ' Rl  Vs____ APpp/L
A ir -O il  B lend Ho. 2 Runs (C ontinued)
918 1 . 5^ 0.653 5 .5 19.7
919 1 .15 0.585 6 .6 21.7
920 0 .88 0.^93 7 -3 23.7
921 0 .6 0 O'. 1*00 9-7 28.5
922 0 .3 1 0.325 19-7 3 7 .2
923 0 . 18^ 0.277 3 4 .1 1*7 .0
921* 0.133 0.221 ^5-1 50.5
923 0.101 0.207 59 .8 53-2
926 0.0765 0 .21 89.5 55-7
G = 150
900 1 5 .0 0-9^5 3.1* 10.7
901 1 0 .2 0.895 1 .9 12.2
902 7 .2 5 0.875 3 -1 13.7
903 5-95 0.86 i*.2 1^-5
90^ 4- 3 .55 O.78I it . 3 18.5
905 2-35 0 .72 6 .0 2 0 .0
906 1.75 0.61*2 6 .2 2l*. 5
907 1 .32 O.58 7 .5 2 8 .0
908 0 .9 0 .^ 9 , 9-8 33-0
909 0 .^75 0.367 17 .2 1*5 .0
910 0 .3 0 0 .32 28.5 5 6 .0
911 0 .208 0.277 1*2 .3 6i:. 2
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Summary o f  C a lc u la te d  V alues
(C o n tin u ed )
S l ip  V e lo c i ty  
Holdup F t /S e c .
Run Ho. x  Rp Vg
A ir - T r ic i i lo r o e th y le n e  Runs
G = 37-5
1013 1.62 0.70 0.5
10l 4 1.09 0.57 0.5
1015 0.74 0.487 0.75
1016 0.60 0.437 0.95
1017 0-35 0.336 1.7
1018 0.23 0.31^ 3.2
1019 0.172 0.266 4.3
1020 ' 0.132 0.244 6 .1
1021 0.075 0.216 10.0
1022 0 . 0^3 0.157 20.4
1023 0.0234 0.112 36.8
1024 0.016 0.078 50.9
G == 150
1000 5.35 0.888 0.9
1001 3.53 0.818 0.7
1002 2.46 0.736 0.5
1003 2 .0 0.685 0.6
1004 1.17 0.565 0.9
1005 0.77 0.455 1.5
1006 0.565 0.405 2.1
1007 0.423 0.352 3.4
1008 0.270 0.288 6.6
1009 0.151 0.221 13.4
1010 0.0915 0.165 24.3
1011 0.066 0.137 44.6
1012 0.050 0.132 47.5
P re s s u re  Drop 
Lb/Sq. F t  P e r  
F t  o f  P ip e  
APpp/L
14.0 
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APPENDIX D
Sample C a lc u la tio n s
D ata f o r  Run 307, Appendix A
a i r  r a t e  = 0 .6 l  CFM a t  average  p re s s u re  o f  t e s t  s e c tio n
l iq u id  r a t e  = 0.73 CFM
holdup = 23^-0 cc
"base p re s s u re  = 9-2 p s ig
p re s s u re  d i f f e r e n t i a l  = 1^ .8  in c h es  Hg
t o t a l  mass v e lo c i ty  = 150 I b /s q  f t  sec .
L iqu id  Holdup, Rp   _.......
E xperim en tal Holdup
holdup +• l i q u id  betw een v a lv e  and d ra in  + l iq u id  ad h erin g  to  
w a ll  = t o t a l  holdup 
23^0 + 20 + 25 = 2383 
t o t a l  volume o f  s e c tio n  = 3570 cc
C a lc u la te d  Holdup
PL = 7 ^ -0  lb /c u  f t  
Pp = 3"15 c e n t ip o is e s  
o' = 7 5 - 9  dynes/cm  
G = 150 lb / s q  f t  sec .
As G i s  g r e a te r  th a n  50j use 50 
For pG ( a i r  d e n s i ty  a t  average t e s t  s e c t io n  c o n d itio n s )
(E quation  10)
92
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p re s s u re  a t  base  o f  t e s t  s e c t io n  = 9-2 p s ig  
p re s s u re  d i f f e r e n t i a l  f o r  t e s t  s e c t io n  = 1 ^ .8  in c h es  Hg o r 
7-25 p s i  '
p r e s s u re  a t  to p  o f  t e s t  s e c t io n  = 9 *2-7*25 = 1 .95  p s ig
9-2 + 1 .95
av erag e  p re s s u re  in  t e s t  s e c t io n  = 2 : = 5 .5 8  p s ig
a i r  d e n s i ty  a t  75 °F and 1 ^ .7  p s ig  = (g8 . 8 ) ( 520) _ o . 07*t lb /c u  f t
(379)(555)
2 8 .8  = m o lecu la r w eig h t o f  a i r  
379 = volume o f  one mol o f  gas a t  520°R and 1*K7 p s ig
535 = a i r  te m p era tu re  °F
(0 . 07*0 (1^ .7  + 5 . 58) ,
PG = - ------ ilT.Y—  = 0 ’102 lb / cu f t
¥ g = 0 .6 1  pG = (0 .6 l ) ( 0 . 102) = 0.0622 lb /m in .
WL = 0 .73  PL = (0-73) (7M = 51* lb /m in .
[ 5 )  ) ° ' 9 ( 3 .1 5 ) ° ‘19 (7 5 -9 )0 ,205  (Q.1Q2)0 ,70
x 1 0 . 0 6 2 2 1 ( 50 )0 ,435  ( j k ) ° - 72
x = 2 .3
From F ig u re  12 f o r  x = 2.3;, c a lc u la te d  R^ = 0 .71
A c tu a l R^ - c a lc u la te d  R^ = 0 .666- .7 1  = -OW-
P re ssu re  Drop, APpp
E xperim en ta l P re s su re  Drop
(Zg-Z 1)/ WT, + Wq
[wLvL + WGvG
Zg-Zj. = 20 f t
i- P2 ”Pj_ + hPrjip — 0 (E quation  l l )
VL = i _  = 0.0135 cu f t / l b
PL
vG = 1_ = 1 = 9.8 cu f t / l b
PG 0 . 1 0 2
P2-P 1 = -7*25 p s i  o r -lO ko  p s f
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9 ^
( 2 0 ) 5  ^ + 0.062 
(5*0(0 .0135) + (0 .0 6 2 ;(9 -0 )
10 ^ -0  +  APrnp =  o
APipp = 10^0-810 = 230 lb / s q  f t  
C a lc u la te d  P re s su re  Drop
^ ~ pp0 ’l 4 9 gO.194 qO.70 (E quation  13)
1
v|r =
( 3 - l 5 ) ° ‘ l4 9  (T 5 .9 )0 ' 194 (1 5 0 )° ‘7°
if =  0.011
L iq u id  v e lo c i ty  i n  p ip e
/s e c .
c ro s s  s e c t io n a l  a re a  o f  p ip e  = 0.006 sq f t
a re a  f o r  l i q u id  flow  = 0.006 Rq = 0 .00^  sq  f t
0.0122 
0.C09
flow  r a te  = g---^  ■ = 0 .0122 cu f t / s
l iq u id  v e lo c i ty  = ' q'i'22 = 3-05 f t / s e c .
Gas v e lo c i ty  in  p ip e
flow  r a t e  = r -~ '  °^22 = 0 .0 1 0 1 5  cu f t / s e c .60 x 0 .1 0 2  1
a re a  fo r  gas flow  = 0.006 (l-R q) = 0 .002  sq  f t
gas v e lo c i ty  = = 5 -2 5  f t / s e c .
S l ip  v e lo c i ty ,  Vg, = 5 .2 5 -3 .0 5  = 2 .2  f t / s e c .
From F ig u re  28 f o r  Vs  = 2 .2 ,  ^ = 0 .011
_  g pq p e r  fq  0p p ip e
1j
F o r t o t a l  l i q u id  flow  a t  G = 150 lb / s q  f t  sec .
D G _ (0 .0875) (150) (3600)
Re =  ---------JJA5YC2^2)----- -- 6200
From F ig u re  3 , a t  Re = 6200 f  = 0.0375
APT = f  L Q2 = (Q-0373) ( 1 ) (150)2 = p n _
L 2 Dg p (2 ) ( 0 . 0875)(32. 2 )(7*0 /  q
APpp = 8  + 2 = 10 I b / s q  f t  p e r  f t  f o r  20 f t  o f
p ip e  = 2 0 0  l b / s q  f t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T o ta l p re s s u re  drop = 810 + 200 = 1010 lb / s q  f t  
°jo e r r o r  betw een ob serv ed  and c a lc u la te d  =
1 0 4 0
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